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program progl
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real x[allocatable](:),v[allocatable](:),h[allocatable](:), &
hTow[allocatable] (:),hhigh[allocatable](:),p_h[allocatable]l(:), &
vnew{allocatable] (:),hnew[allocatable](:),pipez[allocatable](:)

real 1

dimension ip1(5)

namelist/specs/iprint,iplot,n,d,1,f,a,vzero,hresup,hresdn,hsump,elevup,
&

elevdn,tmax,tclose, topen,vfinal,aprime,bprime,cprime,ipump_bf,em, &
taui,tauf,g,ibl,ibr,ipl

read(2,specs)
allocate(x(0:n),v(0:n),h(0:n),hTow(0:n),hhigh(0:n),p_h(0:n),vnew(0:n),

hnew(0:n),pipez(0:n))

pi=3.141592654

wtt=1/a I wtt, wave travel time.
d1=1/n

t=0.0

dt=d1/a
index=tmax/dt+1
delev=(elevdn-elevup)/n

write(3,'(a)') ' water hammer in a simple pipe:'
write(3,'(a,i4)"') ' diprint =',iprint
write(3,'(a,i4)") " diplot =",iplot
write(3,'(a,i4)"') ' n =",n
write(3,'(a,1lplel5.7)') ' d =',d

write(3, '(a,lplel5.7)') " 1 =",1



write(3,'(a/)') ' x v'
write(3, '(1p4e15 DY (x(1) p_h(1) h(i),v(i),i=0,n)
write(3,?

open(4,file="p_h.dat"’)
open(7,file="h.dat"')
open(8,file="v.dat")

t, p_hl, p_h2, p_h3, p_h4, p_h5'
t, hl, h2, h3, h4, h5'
t, vl, v2, v3, v4, v5'

write(4,'(a)') ' variables
write(7,'@)") variables
write(8,'(a)") variables

write(4,'(1p6el5.7)")
t,p_h(ip1(1)),p_h(ip1(2)),p_h(ip1(3)),p_h(ipl(4), &
p_ h(1p1(5))
write(7,"'(1p6el5.7)")
t,h@Gpl1(1),hCGpl1C2)),h(ip1(3)),h(ipT(4)),hGipl(5))

do ii=1,index
t=t+dt

nml=n-1
do i=1,nml
vnew(1) SEv@A-D+vE+D+g/a*th(i-1)-h(i+1)) &
dt/(2 0*d)*(v(i-1))*abs(v(i+1))))
hnew(i)= O 5*Ch(i-D)+hG+D)+(v(E-1)-v((i+1)) *a/g &
~-frdt/(2.0*d)*(v(i-1)*abs(v(i-1))-v(i+1)*abs(v(i+1)))*a/qg)
end do

!
! calculate left boundary condition, upstream (left) i = 0

I hp(0) = hOr
D)

from c- characteristics equation at the left boundary:

%g%O) - v(1) - g/a*hp(0-h(1)) + (frdt/2/d)*v(L)*abs(v(1)) =

!

! arranging equation (2) in the form:
|

|

! zggo) = [v(D) - g/a*h(1) - (f¥dt/2/d)*v(D*abs(v(1))] + g/a*hp(0)

and defining cl as:

(i)= v(1) - g/a*h(l) - (f¥dt/2/d)*v(1)*abs(v(1))

equation (3) becomes:

vp(0) = ¢l + g/a*hp(0)
(5)

! equation (1) gives hp(0), and equation (5) then gives vp(0).

if (ibl.eq.1) then
hnew(0)=hresup



dvn¢w(0)=v(l)+g/a*(hnew(O)—h(l))—f*dt/(z,O*d)*v(l)*abs(v(l))
end 1

if (ibl.eq.2) then
write(3,'(a)') ' ibl = 2 is not yet completed !’
end if

| vp(0) is calculated from the known discharge of pump, g(t) and
discharge area

' a_d:
!

vp(0) = g(t)/a_d
@h)

!
I from c- characteristics equation at the left boundary:
|
I

: ¥B§O) ~ v(1) - g/a*Chp(0)-h(1)) + (f*dt/2/d)*v(1)*abs(v(1)) =0

arranging equation (2) in the form:

?ggO) = h(1) + a/g*[vp(0) - v(1) + (F*dt/2/d)*v(1)*abs(v(1))]

I equation (1) gives vp(0), and equation (3) then gives hp(0).

if (ibl.eq.3) then
write(3,'@a)"') ' ibl = 3 1is not yet completed !°'
end if

! constant speed pump at the upstream (left) with head-discharge curve

and
! provision of check valve after the pump to prevent backflow: ibl=4

! the pump characteristics curve is represented by a quadratic
polynomial:
!

! h(q) = a':‘:qv'\-:':z + bl,-:q +C
| (1)
| we convert (1) with respect to velocity:
!

(2)

! g = area*v(0)
I hp(0) = ap*v(0)**2 + bp*v(0) + cp
3

a'*area**2, bp = b'*area, cp = ¢' + hsump

ap =
| 4

I (4) has the restrictions ap < 0, bp < 0, ¢cp > 0.

!

! from c- characteristics equation at the Teft boundary:
!

|

I vp(0) = cl + g/a*hp(0)
(5)



in (5), cl is defined as:

E%)= v(1) - g/a*h(1) - (f*dt/2/d)*v(1)*abs(v(1))

using (3), (5) and arranging:
%;9)**2 + [(bp - a/g)/apl*v(0) + [(cp + a/g*cl)/ap] = 0

and defining c¢3 and c4 as:
c3 = (bp - a/g)/ap
(8

! ¢4 = (cp + a/g*cl)/ap
€))

equation (7) becomes:

P vp(0)#*2 + ¢3*v(0) + c4 =0
(10)

simultaneous solution of equations (1), (5) gives vp(0), hp(0):
vp(0) = (c3/2)*[-1 + sqrt(l - 4*c4/c3*%2)]
(@Y

!

' if a check valve 1is provided after the pump to prevent backflow,
negative

! vp(0) values must be prevented.

|

i(if)(ipump_bf.eq.o .and. vp(0).7t.0) vp(0) = 0
12

!
Pwith vp(0) from (11) or (12), hp(0) is calculated from (5) arranged

as:
|

I hp(0)=(vp(0) - c)*a/g
(13)

if (ibl.eq.4) then
cl=v(1)-g/a*h(1)-f*dt/(2.0*d)*v(1)*abs(v(1))
¢3=(bpump-a/g)/apump
c4=(cpump+cl®a/g)/apump

vnew(0)=0.5%c3*(-1.0+sqrt(1.0-4.0%c4/c3%%2))
if (ipump_bf.eq.0 .and. vnew(0).1t.0.0) vnew(0)=0.0

hnew(0)=(vnew(0)-cl)*a/g
end if
!
! calculate right boundary condition, downstream (right) i = n

! the valve is closing so that the velocity decreases linearly from v_0

to 0 at )

! a closure time, tc.

!

Pvp(n) = v_0*(1-t/tc), 0 < t < tc

I vp(n) g, tc < t < infinity

I



|
! hp(n) 1is found from the c+ characteristics equation:
|

} hp(n) = h(nml)-a/g*(vp(n)-v(nml))-a/g*f*dt/(2*g*d)*v(nml) *abs(v{nml)))

if (ibr.eq.1) then
if (t.gt.tclose) then
vhew(n)=vfinal
else
vnew(n)=vzero-(vzero-vfinal)*t/tclose
end if

hnew(n)§h§2m1)+(v(nml)—vnew(n)—f*dt/(Z.O*d)*v(nml)*abs(v(nml)))*a/g
end 1

! the valve 1is treated as an orifice. with the steady state head Tloss
h_0
! across the valve and steady state velocity v_0 in the pipe, the
orifice
I equation becomes:
!
! %_O*a = (c_d_0*a_g_0)*sqrt(2.0*g*h_0)
D

! where:

|
|
|
I a = pipe cross sectional area

! c_d = valve discharge coefficient ) )

! a_g = area of valve opening (for steady state, subscript 0 is used.)
I
|
|
|

(1]

I in general:
| %g§n)*a = c_d¥a_g*sqrt(2.0*g*hp(n))

!
where n is the last section in the pipe. by dividing equations (1) and

(2)
! \(/g)(n)/v_o = (c_d*a_g / c_d_0*a_g_0)*sqrt(hp(n)/h_0)

I defining tau as:

4
tau = c_d*a_g / c_d_0*a_g_0

equation (3) becomes:

%ggn)/v_o = tau*sqrt(hp(n)/h_0)

from c+ characteristics equation at the right boundary:

v%(g) - v(n-1) + g/a*Chp(n)-h(n-1)) + (f*dt/2/d)*v(n-1)*abs(v(n-1)) =
6

equations (5), (6) are solved simultaneously to find vp(n), hp(n).

defining cp, cv as:

e b I



! %?)= v(n-1) + g/a*h(n-1) - (f*dt/2/d)*v(n-1)*abs(v(n-1))
ev = (tau®*2)*(v_0**2)/(g/a*h_0)

I €,

% we write equation (6) as:

|

! vp(n) = cp - g/a*hp(n)
)]

solving equations (5), (9) simultaneously we find vp(n), hp(n):
vp(n) = [-cv + sqrt(cv**2+4*cp*cv)]/2
(cp - vp(n))*a/g

>
©
~

3
—

1

_____ 5% (ibr.eq.2) then
cp=v(nml)+g/ah(nml)-f*dt/2.0/d*v(nml) *abs(v(nml))

if (t.Te.tclose) then

tau=taui+(tauf-taui)*(t/tclose)**em
vhew(n)=(-cv+sqrt(cv**2+4.0%cp*cv)) /2.0

hnew(n)=(cp-vnew(n))*a/g

else
tau=0.0
vhew(n)=0.0
hnew(n)=cp*a/g

end if

end if

if (ibr.eq.3) then
if (t.Te.topen) then
tau=(t/topen) **em
else
tau=1.0
end if

cp=v(nml)+g/a*h(nml)~f*dt/2.0/d*v(nml)*abs(v(nml))
cv=tau**2*vfinal**2*a/g/hfinal
vhew(n)=(-cv+sgrt(cv**2+4.0%cp*cv)) /2.0
dhngw(n)=(cp-vnew(n))*a/g
end i

if (ibr.eq.4) then
cp=v(nml)+g/a*h(nml)~f*dt/2.0/d*v(nml) *abs(v(nml))
cv=vzero**2*a/g/hzero
vhew(n)=C(-cv+sqrt(cv**2+4.0%cp*cv)) /2.0
dhngw(n)=(cp—vnew(n))*a/g
end i

if (ibr.eq.5) then
vnew(n)=0.0
dhngw(n)=h(nml)+(v(nml)—f*dt/(Z.O*d)*v(nml)*abs(v(nml)))*a/g
end 1

if (ibr.eq.6) then
c3=v(nml)+g/a*h(nml)-f*dt/2.0/d*v(nml)*abs(v(nml))



c5=(bpump+a/g) /apump
c6=(cpump-c3*a/g)/apump

vnew(n)=0.5%c5%(-1.0+sqrt(1.0-4.0%c6/c5%*2))
if (ipump_bf.eqg.0 .and. vnew(n).1t.0.0) vnew(n)=0.0

hnew(n)=(c3-vnew(n))*a/g
end if

if (ibr.eq.7) then
hnew(n)=hresdn

vnew(n)zv(2m1)+g/a*(h(nml)-hnew(n))—f*dt/(Z.O*d)*v(nml)*abs(v(nml))
end i

do i=0,n
if Chnew(i).lt.hTow(i)) hlow(i)=hnew(i)
if Chnew(i).gt.hhigh(i)) hhigh(i)=hnew(i)
p_h(i)=hnew(1)-pipez(i)
end do
!
!hupdate v, h to vp, hp. the new v, h become the initial conditions for
the
! next time step. time Toop reapeats until tmax.

|
do i=0,n
v(i)=vnew(i)
h(i)=hnew(i)
end do

if (mod(ii,iprint).eq.O) then
write(3, '(a, 1p1e15 7/) ) t1me =',t
wr1te(3 '(a/) ) ' x
write(3, '(1p4e15 7" (x(1) p_ h(1) h(i),v(),i=0,n)
write(3,*)
end if

if (mod(11,1p1ot).eq.0) then
write(4,'(1p6el5.7)") t, p h(Gipl()),p_h@ipl1(2)),p_hGpl(3)). &
b h(1p1(4)) p_ h(1 1050
write(7, '(1p6el5.7)") t h(ip1(1)),hGpl(2)),hGipl(3)),h(ipl(4)),

- h(@pl(5)) . ) . .
write(8, ' (1p6el5.7) ') t,v(Epl(1)),v(Gpl(2)),v(ipl(3)),v(pl4)),
&
. v(@pld5))
end 1f
end do

write(3,’(a/)') ' extreme values:'
write(3,'(a/)"') ' x(i), p_h_max, p_h_min, hhigh(i), hlow(i)'

do i=0,n
p_h_max=hhigh(i)-pipez(i)
p_h_min=hTow(i)-pipez(i)

write(3, '(1p5e15.7) ") x(i),p_h_max,p_h_min,hhigh(i),hlow(i)
end do

stop
end



program prog?2

SededededeedeheNdede etk NN de e Nl et et v de St S dededehde ke

I1re§ervoir at upstream end. reservoir at downstream end with two-stage
closing

I valve (initially wide open) at downstream end of Tine just before
reservoir.

read(2,specs)
np=npipes
g allocate(1(np),d(np),a(np),pipe_z(np),f(np),vzero(np),npar(np),cinp),
sine(np),area(np),dtt(np),ds(np))
read(2,*) (d),1G),fG),al) ,pipe_z(i),i=1,npipes)

dtn=1.0eb6
pi=3.141592654
t=0.0
fail=.false.

do i=1,npipes
area(i)=pj*d(i)**2/4.0
c(i)=g/a(i) . , . . . .
if (i.ne.npipes) sine(i)=(pipe_z(i+1)-pipe_z(i))/1()
if (i.eq.npipes) sine(i)=(zend-pipe_z(i))/1()
vzero(i)=qgzero/area(i)
ddgt(i):](i)/(nparts*(vzero(i)+a(i)))

en o)

! compute minimum dt.

dt=dtt (1)
kmin=1

do 1=2,npipes
if (dtt(i).le.dt) then
dt=dtt (i)
kmin=i
end if
end do

if (rerun) dt=dtnew
nparr=1

do i=1,npipes
if (i.eqg.kmin) then
npar (i)=nparts
else
anpar=1(i)/(dt*(vzero(i)+a(i)))



npar(i)=anpar
test=npar(i)
diff(abs(test+1—anpar).1t.0.0001) npar(id)=npar(i)+1
end 1

if (npar(i).gt.nparr) nparr=npar(i)
end do

iz=nparr+l
izz=1z+1

allocate(x(np,iz),v(np,iz),h(np,iz),hlow(np,iz),hhigh(np,iz),p_h(np,izz)

vhew(np,iz),hnew(np,iz),thigh(np,iz),tlow(np,iz),hstead(np,iz))

do i=1,npipes
k=npar(i)+1
p_h(i,k+1)=0.0
end do

! write out input data.

write(3,'(a/)') ' input data:'

write(3,'(a,i4)') ' dprint =',iprint

write(3,'(a,i2)') ' iplot =',iplot

write(3,'(a,i2)') ' nparts =',nparts

write(3,'(a,i2)"') ' npipes =',npipes
write(3,'(a,1lplel5.7)"') ' qzero =',qgzero

write(3, '(a,1lplel5.7)') ' hresup =',hresup
write(3,'(a,1plel5.7)') ' hsump =",hsump
write(3,'(a,1lplel5.7)') ' zend =',zend

write(3, '(a,1plel5.7)') ' hatm =", hatm
write(3,'(a,1lplel5.7)') ' g =',g
write(3,'(a,1plel5.7)') ' rho_wat =',rho_wat

write(3, '(a,1plel5.7)') ' tmax =',tmax

write(3, '(a,1lplel5.7)"') ' dt =',dt
write(3,'(a,1plel5.7)') ' tclose =',tclose
write(3,'(a,1plel5.7)"') ' vfinal =',vfinal

write(3, '(a,1plel5.7)"') ' tcl =",tcl
write(3,'(a,1plel5.7)"') " pcopl, percent open =',pcopl
write(3,'(a,1plel5.7/)"') " tc2, time valve 1is completely closed =',tc2
write(3,'(a,i3/)"') ' valve is at downstream end of pipe =',ivalve
write(3,'(a,1lplel5.7)') ' aprime =',aprime
write(3,'(a,1plel5.7)') ' bprime =',bprime
write(3,'(a,1plel5.7)"') ' cprime =',cprime
write(3,'(a,1plel5.7)') ' em =",em

write(3, '(a,1lplel5.7)') ' taui =',taui

write(3, '(a,1lplel5.7)') ' tauf =', tauf

write(3, '(a,i2)"') ' ibl =",1ib]

write(3,'(a,i2)') ' ibr =',ibr

write(3,'(a/)') ' valve loss coefficients:'
write(3,'(a/)"') '% open  1.0/k1’ ]
write(3,'(1p2el5.7) ") (pct(id,ki(i),i=1,11)
write(3,*)

write(3,'(a/)') ' pipe input data:' ]
write(3,'(a/)"') ' pipe d 1 wave_spd pipe_z f V'

do i=1,npipes ) . . .
dwaite(B,'(i3,1p6e15.7)') 1,d(1),1¢),ai),pipe_z(i),f(i),vzero(i)
en o]



write(3,%*)

wr1te(3 "(a,5i3)') ' ipl, plot pipes
,ip1(1),ip1(2),ip1(3),1p1(4),ip1(5)

wr1te(3 "(a, 513)') ' Jp1, p1ot nodes
=", 3p1C1),3p1(2),3p1(3)3p1 (4),3p1(5)

write(3,%)
write(3,'(a/)"') ' pipe dt parts sine 1/a 1interpolation'

do i=1,npipes
la=1(C1)/aCi)
aint=1.0-dt*npar(i)/la

write(3,'(i3,1plel5.7,1i3,1p3e15.7,)")

i,dtt(i), npar(1) s1ne(1) 1a aint

end do
!
! set up conditions for steady state (t=0).
!

apump=aprime*area(l)**2

bpump=bprime*area(l)

cpump=cprime

if (ibl.eq.4) cpump=cpump+hsump

hpump=(apump*vzero(1)+bpump) *vzero (1) +cpump

h(1l,1)=hresup
if (ibl.eg.4) h(1,1)=hpump
v(l,1)=vzero(l)

do i=1,npipes
x(i,1)=0.0
p_h(i,D=h(i,1)-pipe_z(i)
ds(i)=1(i)/npar(i)

k=npar(i)+1

do j=2,k
x(i,j)=float(j-1)/float(npar(i))

h(i,j)= h(1 1) (3-D*FC*(1G) /npar(i)/d(i))*(vzero(i)**2/(2.0%g))
h(i,j)=h(,3)-(pipe_z(i)+x(i,J)*1()*sine(i))
v(1 J) vzero(1)
end do

if (i.ne.npipes) then
if (i.ne.ivalve) h(i+1,1)=h(i,k)
if (i.eq.ivalve)
h(i+1,1)=h(i,k)-1.0/ki(11)*vzero(i+1)**2/(2.0%g)
v(+1l,1D=vzero(i+l)
end if
end do

k=npar(npipes)+1

if (ibr.eq.2) hdown=h(npipes,k)
if (ibr.eq.3) hdown=h(npipes,k)
if (ibr.eq.4) hdown=h(npipes,k)
if (ibr.eq.7) hdown=h(npipes,k)

do 1i=1,npipes
k=npar(i)+1

do j=1,k
hstead(1 j)=h(i,3)



tlow(i,j)=0.0
thigh(1,3)=0.0
hlow(i,j)=h(i,3)
hhigh(i,3)=h(i,3)

end do
end do
open(4,file="p_h.dat")
open(7,file="h.dat")
open(8,file="'v.dat")
write(4,'(a)') ' variables = t, p_h_1l, p_h_2, p_h_3, p_h_4, p_h_5"
write(7,'(a)') ' variables = t, hl, h2, h3, h4, h5'
write(8,'(a)') ' variables = t, vl, v2, v3, v4, v5'
phmax=-100.0
phmin=100000.0
ii=1
write(3,*)
write(3,'(a,1plel5.7)") " time =',t
write(3,%*)

write(3,'(a/)') ' x p_h h V'

do i=1,npipes
k=npar(i)+1

write(3,'(a,i4)') ' pipe =',i ) . e
dwgite(3,'(1p4el5-7)') x@,3),p_hCG,3), G, F) v, F),J=1,K)
en (e}

write(4, "' (1p6el5.7)"') t, p_h(ipl(1),jpI1(L)), p_h(ip1(2),jp1(2)), &
p_hGipl(3),3p1(3)), p_h(ipl(4),3p1(4)), p_h(ipl1(5),3p1(5))

write(7,'(1p6el5.7)') t, h(1p1(1),%p1(1)), h(ip1(2),jp1(2)), &
h(ip1(3),3p1(3)), hCipl(4),jpl1(4)), hGipl(5),ipl(5))

write(8,'(1p6el5.7) ") t, v(ipl(1),jpl1(1)), v(ipl(2),jpl(2)), &
v(pl(3),3p1(3)), v@pl(4),jpl4)), v(pl(5),ipl(5))

index=tmax/dt+1

do i1=1,1index
t=t+dt

! compute h and v at interior nodes.

do i=1,npipes
k=npar(i)

do 2,
31 V(1 jd)-aCi)*dt/dsG)*(v(i,j)-v(d,j-1))
vr=v(i,1)-ai)*dt/ds)*(v(i,73)-v(, J+1))
h1=h(i,j)-a(i)*dt/ds(i)*Ch(i,J)-h(i,]-1))
hr=h(i,3)-a(i)*dt/ds(i)*Ch(i,3)-h(G,3+41))

vnew(i,3)=0.5*(vI+vr+c(id)* (h1 hr)+c(1) ‘dt*sine(i)*(vi-vr) &
—f(1) “dt/(2.0%d (1)) *(vl*abs(v1)+vr*abs(vr)))



hnew(i,3)=0.5*Ch1+hr+(v1-vr)/c(i)+dt*sine(i)*(v1+vr) &
-F()*dt/(2.0%d(i))/c(i)*(vl*abs(v1)-vr*abs(vr)))
end do
end do
|

! compute h and v at interior junctions.
!
kk=npipes-1

do i=1,kk
k=npar(i)+1
vi=v(i,k)-a@i)*dt/ds(i)*(v(i, k) -v(,k-1))
hl=h(i,k)-a(i)*dt/ds(i)*Ch(i,k)-h(i,k-1))
vr=v(i+1,1)-a(i+1)*dt/ds(i+1)*(v(i+1,1)-v(i+1,2))
hr=h(i+1,1)-a(i+1)*dt/ds(i+1)*(h(i+1,1)-h(i+1,2))

cl=vl+c(i)*hT+c()*vI*dt*sine(i)-T(i)*dt/(2.0*d(i))*vI*abs(v1)
cr=vr-c(i+1)*hr-c(+1) *dt*vr¥*sine(i+1)-f(i+1)*dt/(2.0*d(i+1)) *vr*abs(vr)
|

! internal boundary condition for a gate valve closing at two separate
rates.
!

if (i.eq.ivalve) then
if (t.1t.tc2) then
if (t.gt.tcl) then
open=pcopl*(tc2-t)/(tc2-tcl)
else
open=100.0-(100.0-pcopl)*t/tcl
end if

do j=1,10
1test=(open-pct(j))*0.10

if (itest.eq.0) exit
end do

fact=(open-pct(j))*0.10
k1i=ki (3)+fact*(ki(G+1)-ki(i))

c5=2.0%g*(1.0/c(i)+1.0/c(i+1))
c6=2.0%g*(cl/cCi)+cr/c(i+1))

if (c6.7t.0.0) then
] vhew(i+1,1)=kTi*(c5-sgrt(c5%*2-4.0%c6/k1i)) /2.0
else
vnew(i+1,1)=k1i*(-c5+sqrt(c5**2+4.0%c6/k1i))/2.0
end if
else
vhew(i+1,1)=0.0
end if

vhnew(i,k)=vnew(i+1,1)
hnew(i,k)=C(cl-vnew(i,k))/c(i)
: hnew(i+1,1)=(vnew(i+1,1)-cr)/c(i+1)
else

hnew(i,k)=(c1*area(i)-~cr¥area(i+1))/(c(i+1)*area(i+1)+c(i)*area(i))
hnew(i+1,1)=hnew(i,k)
vnew(i,k)=cl-c(i)*hnew(i,k)
vhew(i+1,1)=cr+c(i+1)*hnew(i+1,1)
end if
end do



! compute h and v at upstream end (for a constant head reservoir).
!

if (ibl.eq.1) then

hnew(1, 1)=hresup
vr=v(1l,1)-a(l)*dt/ds(1)*(v(1,1)-v(1,2))
hr=h(1,1)-a(l)*dt/ds(1)*(h(1,1)-h(1,2))

vhew(1l, D) =vr+c(1)*(hnew(1l,1)-hr)-c(1)*dt*vr*sine(l) &
-F () *dt/(2.0*d (1)) *vr*abs(vr)

end if
if (ibl.eq.4) then

cl=v(1,2)~-g/a(l)*h(1,2)-T(1)*dt/(2.0*d (1)) *v(1,2)*abs(v(1,2))
c3=(bpump~a(l1)/g)/apump
c4=(cpump+cl*a(l)/g)/apump

vhew(1,1)=0.5%*c3*(-1.0+sqrt(1.0-4.0%*c4/(c3*c3)))

! prevent backflow in pump by check valve.
!

if (ipump_bf.eq.0 .and. vnew(1,1).1t.0.0) vnew(1,1)=0.0
hnew(1,1)=(vnew(1l,1)~-cl)*a(1l)/g

dif

! compute h and v at downstream end (for a gate valve closing at two

separate
! rates and flowing into a reservoir).

!

if (ibr.eq.1) then

nv=npar(npipes)+1
nvml=npar(npipes)

if (t.gt.tclose) then
vnew(npipes,nv)=vfinal
else
dvngw(npipes,nv)=vzero(np1pes)-(vzero(npipes)—vfina1)*t/tc1ose
end i
hnew(npipes,nv)=h(npipes,nvml)+(v(npipes,nvml)-vnew(npipes,nv) &

~-f(npipes)*dt/(2.0*d(npipes)) &
*v(npipes,nvml)*abs(v(npipes,nvml)))*a(npipes)/g

end if
if (ibr.eq.2) then

nv=npar(npipes)+1
nvml=npar (npipes)

cp=v(npipes,nvml)+c(npipes)*h(npipes,nvml) & )
-f(npipes)*dt/2.0/d(npipes)*v(npipes,nvml)*abs(v(npipes,nvml))

if (t.le.tclose) then

closing valve from vzero to 0 at downstream end of pipe.

tau=taui+(tauf-taui)*(t/tclose)**em

cv=tau**2*vzero(npipes)**2/c(npipes) /hdown

vhew(npipes,nv)=(-cv+sqrt(cv**2+4.0%cp*cv)) /2.0
: hnew(npipes,nv)=(cp-vnew(npipes,nv))/c(npipes)
else

valve at downstream end is completely closed or downstream dead end.

tau=0.0



vhnew(npipes,nv)=0.0
hnew(npipes,nv)=cp/c(npipes)
end if
end if
|

| opening valve from O to vfinal at downstream end of pipe: ibr=3
!

if (ibr.eq.3) then
if (t.le.topen) then
tau=(t/topen) **em
else
tau=1.0
end if

nv=npar(npipes)+1
nvml=npar(npipes)

cp=v(npipes,nvml)+c(npipes)*h(npipes,nvml) &
-f(npipes)*dt/2.0/d(npipes)*v(npipes,nvml)*abs(v(npipes,nvml))
cv=tau**2*vfinal**2/c(npipes)/hdown

vhew(npipes,nv)=_(-cv+sqrt(cv**2+4.0%cp*cv)) /2.0
dhngw(npipes,nv)=(cp—vnew(npipes,nv))/c(npipes)
end i

if (ibr.eq.4) then
nv=npar(npipes)+1
nvml=npar (npipes)

vl=v(npipes,nv)-a(npipes)*dt/ds(npipes)*(v(npipes,nv)-v(npipes,nvml))

hl=h(npipes,nv)-a(npipes)*dt/ds(npipes)*(h(npipes,nv)-h(npipes,nvml))
cl=vl+c(npipes)*hl+c(npipes)*vi*dt*sine(npipes) &
-f(npipes)*dt/(2.0*d(npipes))*vi*abs(vi)

if (t.1t.tc2) then
if (t.gt.tcl) then
open=pcopl*(tc2-t)/(tc2-tcl)
else
open=100.0-(100.0-pcopl) *t/tcl
end if
|

! interpolate Tinearly to find 1/k1 for valve loss coefficient in 11
data.
!
do i=1,10
itest=Copen-pct(i))*0.10

if (itest.eq.0) exit
end do

fact=Copen-pct(i))*0.10
kTi=ki (i) +fact* (ki (GF+1D)-ki(i))

c5=2.0%g/c(npipes)
c6=2.0%g* (hdown-cl1/c(npipes))

if (c6.gt.0.0) then
] vnew(npipes,nv)=kT1i*(c5-sqrt(c5**2+4.0%c6/k11))/2.0
else
vhnew(npipes,nv)=k1i*(-c5+sqrt(c5*%*2-4.0%c6/k1i))/2.0
end if
else
vhew(npipes,nv)=0.0



end if

hnew(npipes,nv)=(cl-vnew(npipes,nv))/c(npipes)
end if

if (ibr.eq.6) then
nv=npar(npipes)+1
nvml=npar(npipes)

vhew(npipes,nv)=0.0

hnew(npipes,nv)=h(npipes,nvml)+(v(npipes,nvml) &
-f(npipes)*dt/(2.0%d(npipes)) &
*v(npipes,nvml)*abs(v(npipes,nvml)))*a(npipes)/g

end if
!
! compute h and v at downstream end (for a constant head reservoir).
|

if (ibr.eq.7) then
nv=npar(npipes)+1
nvml=npar(npipes)

vi=v(npipes,nv)-a(npipes)*dt/ds(npipes)*(v(npipes,nv)-v(npipes,nvml))
h1=h(npipes,nv)-a(npipes)#dt/ds(npipes)*(h(npipes,nv)-h(npipes,nvml))

cl=vl+c(npipes)*hl+c(npipes)*vi*dt*sine(npipes) &
-f(npipes)*dt/(2.0*d(npipes))*vi*abs(vl)

hnew(npipes,nv)=hdown
dvngw(npipes,nv)=c1-c(npipes)*hnew(npipes,nv)
end i

if (ibr.eq.8) then
c3=v(npipes,nvml)+g/a(npipes)*h(npipes,nvml) &

-f(npipes)*dt/(2.0*d(npipes))*v(npipes,nvml) *abs(v(npipes,nvml))
c5=(bpump+a(npipes)/g)/apump
cb6=(cpump-c3*a(npipes)/g)/apump

vhnew(npipes,nv)=(-c5+sqrt(c5**2-4.0%c6))/2.0
!
! prevent backflow in pump by check valve.
|

if (ipump_bf.eq.0 .and. vnew(npipes,nv).1t.0.0)
vnew(npipes,nv)=0.0

hnew(npipes,nv)=(c3-vnew(npipes,nv))*a(npipes)/g
end if
!
I Tocate maximum and minimum pressure heads and h-values.
!
do i=1,npipes
k=npar(i)+1

do =1,k
Atx=1(1)/(npar(1)*(abs(vnew(i,j))+a(i)))
if (dtx.Tt.dtn) dtn=dtx

if (hnew(i,j).Tle.hiow(i,j)) then
htow(i, j)=hnew(i,j)
tiow(i,])=t

end if

if (hnew(i,j).ge.hhigh(i,j)) then



hhigh(i, j)=hnew(i,j)
thigh(i,j)=t
end if

p_h(i,j)=hnew(i,j)-(pipe_z(i)+x(i,j)*1 (i) *sine(i))

if (p_h(@i,j).1t.phmax) then
if (p_h(i,j).le.phmin) then
ipmin=i
xmin=x(i,j)
phmin=p_h(i, j)
ttmin=t
end if
else
ipmax=i
xmax=x(i,3j)
phmax=p_h(i,j)
ttmax=t
end if

if (p_h(i,j).le.-hatm) then
write(3,'(a,1plel5.7)") ' column separation occurred at',t

write(3,'(a,i2,a,1pel5.7)") ' sec in pipe’,i,' at',x(1,3)

fail=.true.
end if
end do
end do

if (fail) exit
!
! prepare for next time step computation.
!

do i=1,npipes
k=npar(i)+1

do j=1,k
v(i,j)=vnew(i,])
h(i,J3)=hnew(i,3)
end do
end do

if (mod(ii,iprint).eq.0) then
write(3,*)
write(3,'(a,1plel5.7)') ' time =',t
write(3,%*)
write(3,'Ca/)') ' x p_h h v’
do i=1,npipes
k=npar(i)+1

write(3, '(a,i4)")
write(3,'(1p4el5.7)"'
end do
end if

if (mod(ii,iplot).eq.0) then
write(4,'(1p6el5.7)') t, p_h(i
p_h(Cipl(2),3p1(2)), p_h(

p_h(ip1(5),3p1(5))

write(7, ' (1p6e15.7)1) t, h(ipl(1), dpl (1)), NCipl(2),1p1(2)), &
h(ipT(3),3p1(3)), hGipl(4),3pT(4), h(ip1(5),5p1(5))

pipe =
) x

_h(ip1(4),ip1(4)),



write(8,'(1p6el5.7) ') t, v(ipl(1),jp1(1)), v(Gpl(2),jpl1(2)), &
4 if v(ipl1(3),3p1(3)), v(ipl4),jpl(4)), v(GEpl(5),]ipl(5))
ena 1

end do

I check stability criteria.

if (dtn.1t.0.9999*dt) then
dt=0.999*dtn

write(*,'(a)') ' the check for stability criteria has found a
violation.'

write(*,'(a)') ' the analysis must be rerun with a smaller dt.

write(*,'(a,1plel5.7)"') ' change data file to set dthew =',dt

write(*,'(a)"') ' and rerun = .true.'

write(3,'(a)"') ' the check for stability criteria has found a

violation.'
write(3,'(a)') ' the analysis must be rerun with a smaller dt.
write(3, '(a,1plel5.7)') ' change data file to set dtnew =',dt
write(3,'(a)') ' and rerun = .true.'

stop
end if

I write out maximum and minimum pressure heads and h-values.

write(3,'(/a/)') ' extreme values:'
write(3,'(a/)"') ' x p_h_max time p_h_min +time'

do 1i=1,npipes )
write(3,'(a,i2)"') ' pipe =",i

k=npar(i)+1

do j=1,k
© %_h_max:hhigh(i,j)—(pipe_z(1)+x(1,j)*W(i)*sine(i))
p_h_min= hlow(i,J)-(pipe_z(i)+x(i,J)*1(i)*sine(i))

write(3, '(1p5el5.7)")
x(i,3),p_h_max,thigh(i,j),p_h_min,tlow(i,Jj)
end do
end do

write(3,%) i
write(3,'(a/)"') ' x hhigh hlow’

do i=1,npipes )
write(3,'(a,i2)") ' pipe =',i

k=npar(i)+1
do j=1,k . . .
write(3,'(1p3e15.7)") x(i,j),hhigh(i,j),hlow(i, )
end do
end do
write(3,%*)

pmax=phmax*rho_wat*g



pmin=phmin*rho_wat¥*g

write(3, '(a,1lplel5.7)') ' phmax =',phmax

write(3, '(a,1plel5.7,a,i2)') ' pmax =',pmax,’' in pipe =',ipmax
write(3,'(2(a,1plel5.7))') " at x =",xmax,' at time =',ttmax
write(3,*)

write(3,'(a,1lplel5.7)') ' phmin =',phmin

write(3, '(a,1plel5.7,a,i2)') " pmin =",pmin,' in pipe =',ipmin
write(3, '(2(a,1plel5.7))') " at x =',xmin,' at time =',ttmin

write(3,%)
! generate external data file for plotting.

open(7,file="pipe_el.dat"')
open(8,file="hstead.dat"')
open(9,file="hlow.dat")
open(10,file="hhigh.dat"')

write(7,'(a)") ' variables xloc, pipe_el’
write(8,'(a)') ' variables xloc, hstead'
write(9,'(a)') ' variables xloc, hlow'

write(10,'(a)') ' variables = xloc, hhigh'

xbase=0.0

do i=1,npipes
k=npar(i)+1

do j=1,k _ .
pipe_el=pipe_z(i)+x(i,3)*1(1)*sine(i)
xToc=xbase+1(i)*x(i,7)

write(7,'(1p2el5.7)"') xloc,pipe_el

write(8,'(1p2el5.7)") xloc,hstead(i,j)

write(9,'(1p2el5.7)"') xloc,hlow(i,j)

dwgite(lo,'(lp2e15.7)') xloc,hhigh(i,3)
end do

xbase=xbase+1(i)
end do

stop
end



program prog3

vtk dededefefddedeh ekl de e de el dede D dedede e e dededede et S de v e S e dede etk

! program for pump rundown after power failure with air chamber and

one-way
! surge tanks.

! program sizes air chamber and one-way surge tanks in a pipeline where

column
! separation resulting from power failure is a problem. system

configuration ) ' _
! has pumps at upstream end and reservoir at downstream end. the air

chamber is
! lTocated at the pump discharge. the one-way surge tanks must be Tocated

at
I junctions between series pipes.

real x[allocatable](:,:),v[allocatable](:,:),h[allocatable](:,:), &
hlow[allocatable](:,:),hhigh[allocatable](:,:),head[allocatable](:,:), &

vnew[allocatable] (:,:),hnew[alTlocatable](:,:),thigh[allocatable](:,:), &
,hstead[allocatable](:,:)

real 1[allocatable](:),d[allocatable](:),alallocatable](:), &
pipez[allocatable](:),f[allocatable](:),vzero[allocatable](:), &
c[allocatable] (:),ak[alTocatable](:),sine[allocatable](:), &
areal[allocatable] (:),,ratio[allocatable] (:)

integer npar[allocatable](:)

dimension gpump(6),qn(6),hpu

mp(6) ,hn2(6),ppump(6),tn2(6)
dimension isurge(5),hs(5),ds(5)

,QCCSD,CSCS),aSCSD,aCCS),qSCS)

dimension ip1(5),jp1(5)

lTogical fail,nopump,air,bypass,rerun
integer pipe
real 1la

namelist/specs/iprint,iplot,npipes,nparts,nsurge,hres,hsump,hatm,zend,tm
ax, &

qtry,qacc,qline,h_pump,dtnew,air,nopump,rerun,g,rho_wat,ipl,jp]l
namelist/pumps/npumps, rpm,wrsq, gpump, hpump, ppump
namelist/chamb/ctzero,cout,cin,dnoz,expon

data fail,nopump,air,bypass/4*.false./
data rerun/.false./

pPi=3.141592654
nsurge=0
volmax=0.0



qc=0.0
g=0.0
!

! read in general specifications.
|

read(2,specs)

a;Togate(1(np),d(np),a(np),pipeZ(np),f(np),vzer0(np),npar(np),C(np),ak(n
e sine(np),area(np),deltt(np),ratio(np))
read(2,*) (pipe,d(i),1(1),f(),adi),pipez(i),i=1,npipes)

write(3,'(a)') ' input data:'

write(3,'(a,i5)") ' print interval =',iprint
write(3,'(a,i5)") ' plot interval =',iplot
write(3,'(a,i3)"') ' number of pipes =',npipes

write(3,'(a,i3)") minimum no. of parts pipe is divided into

=',nparts

write(3, '(a,1plel5.7)') ' reservoir elevation at downstream =', hres
write(3, '(a,1lplel5.7)') ' elevation of pump sump =',hsump

write(3, '(a,1lplel5.7)') ' atmospheric pressure head =',6hatm
write(3, '(a,1plel5.7)"') ' downstream elev end of last pipe =',zend
write(3, '(a,1plel5.7)') ' convergence criterion for g =',qacc

! read in pump data.
read (2, pumps)

write(3,'(a)') ' pump data:’

write(3,'(a,i3)') ' number of pumps in parallel =',npumps
write(3, '(a,1plel5.7)') ' steady state pump speed, rpm =',rpm
write(3, '(a,1plel5.7)') ' each pump_motor inertia moment =',wrsq

write(3,'@') ''q h bp'
write(3, '(1p3el5.7) ') (gpump (i) ,hpump(i),ppump(i),i=1,6)

de1tn=100000.0
if (wrsg/g.1t.0.00001) nopump=.true.

! read in air chamber data.
read (2, chamb)

write(3,'(a)') ' air chamber data:'

write(3,'(a,1plel5.7)') ' initial chamber air volume =',6ctzero
write(3, '(a,1plel5.7)"') ' discharge coefficient for outflow =',cout
write(3,'(a,1plel5.7)') ' discharge coefficient for inflow =',cin
write(3, '(a,1plel5.7)') ' chamber nozzle diameter =',dnoz
write(3,'(a,1lplel5.7)") ' polytropic exponent =',expon

if (nopump) then
write(3,'(a)') ' no pumps used in this analysis'
write(3,'(2(a,1plel5.7))') ' line discharge =',qline,"' and pump
head =', &
h_pump
end if

anoz=pi*dnoz*dnoz/4.0
ct=ctzero
|
! read in one-way surge tank data.



!
if

(nsurge.ne.0) then
do i=1,nsurge
read(2,*) isurge(i),hs(i),ds(i),dc(i),cs(i)

as(id)=pi*ds(i)**2/4.0
ac(i)=pi*dc(i)**2/4.0
end do

write(3,'(a)’) ' one-way surge tank data:’

do i=1,nsurge
write(3,'(a,i3)') ' downstream end of Tine =',isurge(i)
write(3, '(a,1plel5.7)') ' hs =',hs(i)
write(3,'(a,1plel5.7)') ' tank diam =',ds(i)
write(3,'(a,1p1e15.7):% ' connect diam =',dc(i)

write(3, '(a,1lplel5.7) ' discharge coeff =',cs(i)
end do
end if
it (nopump) h_pump=h_pump+hsump

! compute steady state discharge.

if

stop'

(.not.nopump) then
if (gtry.1t.2.0e-6) qgtry=qpump(4)

do nz=1,20
do 1i=1,5 )
if (gqtry.gt.qpump(i) .and. gtry.le.gpump(i+l)) exit
end do

if (qtry.le.gpum(i) .or. gtry.gt.gpump(i+1)) then )
write(3,'(a)') ' exceeded maximum discharge value input.

stop
end if

hn=hpump (i) +(qtry-gpp(i))* Chpump (i+1) -hpump (7)) / (qpump (i+1) -gpump (7))

sum=0.0

do j=1,npipes . . .
dsgm=sum+8.0*f(j)*1(J)*(npumps*qtry)**Z/d(J)**5/(g*p1**2)
en o)

funct=hsump-hres+hn-sum . .
fprime=Chpump (i+1) -hpump (i)) /(gpump (i+1) -gpump (i))-2.0%sum/qtry
gnext=qtry-funct/fprime

if (abs(gnext-qtry).lt.qacc) exit

gtry=gnext
end do

if (abs(gnext-qgtry).e.gacc) then ]
write(3,'(a)") ' unsuccessful to find q after 20 tries, stop’
stop

end if

gline=gnext¥*npumps
g=gnext
h_pump=hn+hsump
hpumpp=h_pump-hsump



write(3, '(a 1plel5.7)"') ' steady state line flow rate =',qline
dwr}te(S '(a,1plel5.7)') ' at a pump head =',hpumpp
end i

do i=1,npipes
area(i)=pi*d(i)*d(i)/4.0
vzero(i)=qline/area(i)
c(id=g/a(i)
deltt(i)=1()/(nparts*(vero(i)+a(i)))
if (i.eq.npipes) sine(i)=(zend-pipez(i))/1(i)
d1g (i.ne.npipes) sine(i)=(pipez(i+1)-pipez(i))/1(i)
en 0

I compute minimum delta t.

delt=deltt (1)
kmin=1

do i=2,npipes
if (deltt(i).Tle.delt) then
deTt=delt (i)
kmin=1i
end if
end do

if (rerun) delt=dtnew
nparr=1

do i=1,npipes
if (i.eqg.kmin) then
npar (i)=nparts
else
anpar=1(i)/(delt*(vzero(i)+a(i)))
npar(i)=anpar
test=npar(i)
diff(abs(test+l—anpar).1t.0.0001) npar(i)=npar(i)+1
end 1

it (npar(i).gt.nparr) nparr=npar{i)
end do

iz=nparr+1
izz=1z+1

allocate(x(n,iz),v(np,iz),h(np,iz),hlow(np,iz),hhigh(np,iz),head(np,izz)

hnew(np,iz),vnew(np,iz),thigh(np,iz),tlow(np,iz),hstead(np,iz))

do i=1,npipes
k=npar(i)+1
head(i, k+1)=0.0
end do

write(3,'(a)') ' pipe input data:
write(3,'(a)") ' pipe d 1 wave_ spd pipez f v'

do i=1,npipes . ) ) . .
write(3,'(i3,1p6el5.7)") 1,d(3),1(1),a(i),pipez(i),f(i),vzero(i)
end do

write(3,'(a)') ' pipe delt parts sine 1/a interpolation'



do

i=1,npipes
Ta=1(i)/ai)
aint=1.0-delt*npar(i)/la

write(3,'(i3,1plel5.7,13,1p3el5.7)")

i,deltt(i),npar(i),sine(i),la,aint

end

do

! convert to g/n, h/n2, t/n2.

if (.not.nopump) then

do i=1,6 )
gn(i)=pump(i)/rpm
hn2 (i) =hpump (i) /rpm#**2

tn2(1 )=30- O/p'l ""ppump('i )/rpm‘:'::':B

end do

end if

set up conditions for steady state (t=0).

h(1,1)=h_pump
v(1l,1)=vzero(l)

do i=1,npipes

dell1=1(¢i)/par(i)

ak(i)=f(i)*delt/(2.0*d(i))

deThf=f(i)*delT*vero(i)**2/(2.0*g*d(i))

k=npar(i)+1

x(i,1)=0.0
head(i,1)=h(i,1)-pipez(i)
ratio(1)=delt/dell

do j=2,k
x(i,3)=03-1)*de11/1(i)

h(i,3)=h(i,1)-deThf*(j-1)
head(i,j)=h(i,j)~-(pipez(i)+x(i,j)*1(i)*sine(i))

v(i,j)=vzero(i)
end do

if (i.ne.npipes) then
h(i+1,1)=h(i,k)
v(i+l,1)=zero(i+1)
end if

end do

do i=1,npipes

k=npar(i)+1

do j=1,k )
hstead(i,j)=h(i,j)
tlow(i,j)=0.0
thigh(1,3)=0.0
hlow(i,j)=h(i,])
hhigh(i,3)=h(1,3)
end do

end do

open(4,file="head.dat"')
open(7,file="h.dat")
open(8,file="v.dat")

write(4,'(a)') ' variables =
write(7,'(a)') ' variables =
write(8,'(a)’') ' variables =

t, hdl, hd2, hd3, hd4, hd5'
t, hl, h2, h3, h4, h5'
t, vl, v2, v3, v4, v5'



phmax=-100.0
phmin=100000.0

do i=1,npipes
k=npar(i)+1

do j=1,k
if Chead(i,j).1t.phmax) then
if (head(1 j).Te.phmin) then
ipmin=1i
xmn=x(i,7)
hminzhead(i,j)
ttmin=0.0
end if
else
ipmax=i
xmax=x(i,3j)
phmax=head(i, j)
ttmax=0.0
end if
end do
end do

! write out steady state conditions.

t=0.0
index=tmax/delt+1

write(3,'(a,1plel5.7)") ' delta t =',delt

write(3,'(a,1lplel5.7)") ' time =",t
write(3,'(a)') ' x/1 head h v'

do i=1,npipes
k=npar(i)+1

write(3,'(a,i3)")

write(3,'(1pd4el5.7)"
end do

h_pump=h(1,1)~-hsump

pipe =
) (x(@, J) head(i,3j),h(3,3),v(i,3),j=1,Kk)

if (.not.nopump) then

write(3,'(a,1lplel5.7)"') ' pump rpm =',rpm
write(3,'(a,1plel5.7)"') ' pump g each ="',
write(3,'(a,1lplel5.7)"') ' pump head = h pump

end if

write(4,'(, head(ip1(1),jpl1(1)), head(ipl(2),jpl1(2)), ]
head(ip1(3),jp1(3)), head(ip1(4),jpl1(4)), head(ipl (5),Jp1(5))

write(7, ' (1p6el5.7)') t, h(ip1(1),%p1(1)), h(ipl(2), %p ), &
h(ip1(3),3p1(3)), hGp1(4),ipl4)), hGpl(5),jpl(5

))
write(8, "(1p6el5.7)") t, v(ipl(1),jpT1(1)), v(pl(2),jpl(2)), &
VC1p1(3) jp1(C3)), v(@ipl(4), Jp1(4)) V(1p1(5) Jp1( )]

ht=h(1, 1)

htzero=ht
ii=1



do ii=1,index
t=t+delt

! compute h and v at interior nodes.

do i=1,npipes
k=npar(i)

do j=2,k

ra=ratio(i)*a(i)

vileft=v(i,j)-ra*(v(i,j)-v(i,j-1))
vrite=v(i,j)-ra*(v(,j)-v(i,j+1))
hleft=h(i,j)~ra*Ch(i,j)-h(i,]-1))
hrite=h(i,Jj)~ra*Ch(i,J)-h(,3+1))

vnew(i,j)=0.5*(vleft+vrite &

+c(i)*Chleft-hrite)+c(i)*delt*sine(i)*(vleft-vrite)

(vleft*abs(vleft)+vrite*abs(vrite)))
hnew(i,j)=0.5*Chleft+hrite+(vleft-vrite)/c(i) &
+delt*sine(i)*(vleft+vrite) &
-(ak(i)/c(i))*-vrite*abs(vrite)))
end do
end do
!
I compute h and v at interior junctions.
!
kk=npipes-1

do i=1,kk
k=npar(i)+1
vleft=v(i,k)-ratio(i)*a(i)*(v(i,k)-v(i,k-1))
hleft=h(i,k)-ratio(i)*ai)*Ch(i,k)-h(,k-1))

c3=vileft+c(i)*hleft+c(i)*vleft*delt*sine(i)-ak(i)*vleft*abs(vleft)
vrite=v(i+1l,1)-ratioi+1)*a(i+1)*(v(i+1,1)-v(i+1,2))
hrite=h(i+1,1)-ratio(i+1)*ai+1)*Ch(i+1,1)-h(i+1,2))
cl=vrite-c(i+1l)*hrite-c(i+1)*delt*vrite*sine(i+l) &
-ak(i+D) *vrite*abs(vrite)
|
! one-way surge tanks.
|
if (nsurge.ne.0) then
do j=1,nsurge
if (jabs(isurge(j)).eq.i) exit
end do

if (iabs(isurge(j)).eq.i) then
if (isurge(j).ge.0) &

hpp=(-cl¥area(i+1)+c3*area(i))/(c(i+1)*areai+1)+c(i)*area(i))

if (isurge(j).1t.0 .or. hpp.lt.pipez(i+1)+hs(j)) then
isurge(j)=-iabs(isurge(j))
c5=2.0*g*cs(3)*(j)*ac(j) & ]
/(cGi+1l)*area(i+1)+c(i)*area(i))
cb=c5*(cl*¥area-c+(c(i+D) *area(i+1l) &
+c(i)*area(i))*(hs(j)+pipez(i+1)))

if (c6.1e.0.0) then
9s(3)=0.0 ) .
. isurge(j)=iabs(isurge(j))
else
qs(3)=0.5%c5%(-1.0+sqrt(1.0+4.0%c6/c5%%2))



hnew(i+1,D=hs(j)+pipez(i+l) &

. _qs (3):’::’:2/(2 . O*g*(CS(])*ac(j))**Z)
hnew(i,k)=hnew(i+1,1) ]
hs(3)=hs(3)-qs(j)*delt/as(j)

end if
end if
end if
end if

if (nsurge.eq.0 .or. iabs(isurge(j)).ne.i .or. &
(isurge(j).ge.0 .and. hpp.ge.pipez(i+1)+hs(j)) .or.
c6.7e.0.0) then

hnew(i,k)=(-cl*area(i+1)+c3*area(i))/(c(i+D) *area(i+1)+c(i)*area(i))
dhn$w(i+l,l)=hnew(i,k)
end i

vhew(i,k)=c3-c(i)*hnew(i, k)
vhew(i+1,1)=cl+c(i+1) *hnew(i+1,1)
end do

!
! compute h and v at downstream end.

! this boundary condition is for a constant head reservoir.
{

nv=npar(npipes)+1
vleft=v(npipes,nv)-ratio*(v(npipes,nv)-v(npipes,nv-1))

hleft=h(npipes,nv)-ratio(npipes)*a(npipes)*(h(npipes,nv)-h(npipes,nv-1))
cc=vleft+c(npipes)**vileft*delt*sine(npipes) &
-ak(npipes)*vleft*abs(vleft)
hnew(npipes,nv)=hres
vhew(npipes,nv)=cc-c(npipes)*hnew(npipes,nv)

boundary conditions at the pump.
compute pump speed change.

if (.not.nopump) then
aq=a/rpm

if (gq.1e.0.0) then
t_n2=tn2(1)

i=1
else
do i=1,5
if (. gg.Te.gn(i+1)) exit
end do

if (gg.le.gn(i) .or. gg.gt.gn(i+1)) then
if (.not.bypass) write(3,'(a)') &
' exceeded maximum bp value input.'

=5
t_n2=tn2(6)
end if

if (gg.gt.gn(i) .and. gg.le.gn(i+1l)) & )
. _ft_n2=tn2(i)+(qq—qn(i))*(th(i+1)—th(i))/(qn(i+l)—qn(1))
en 1

rpm=rpm-30.0*t_*deTt/(pi*wrsq/g)
if (rpm.le.0.0) nopump=.true.
end if

vrite=v(1l,1)-ratio(L)*a(l)*(v(1,1)-v(1,2))



hrite=h(1,1)-ratio(1)*a(1)*(h(1,1)-h(1,2))
cl=vrite-c(l)*hrite-c(1)*deTt*vrite*sine(1l)-ak(1l)*vrite*abs(vrite)
bypass=.false.

if (nopump .and. air) go to 3

if (nopump) then
hpp=hsump
vpp=cl+hpp*c (1)

if (vpp.gt.0.0) bypass=.true.

go to 1
end if

do nz=1,20
ha=hn2(i)
hb=hn2(i+1)
qa=qn(i)
gb=gn(i+1)
CS5=rpm*rpm
c7=Cha-hb)/(ga-gb)
c8=hb-gb*c7
bypass=.false.

!

| air chamber with pumps still operating.
|

if (air) then
c5=2.0%g*cout**2*anoz**2*rpm*c7/(npumps-rpm¥area(l)*c7*c(1))

*(cl*c7*area(l)+rpm*npumps*c8))/(1.0-rpm*area (1) *c(1)*c7/npumps))

if (c6.ge.0.0) then
app=0.0
c5=2.0*g*cin**2*anoz**2/(c(1)*area(l))
c6=2.0*g*cin**2*anoz**2*(ht+cl/c(1))
dq(_:1=c0.5*c5*(1.0—sqrt(1.O—4.O*c6/c5"~‘*2))
end 1

if (c6.71t.0.0) then
qc=0.5%c5*%(1.0-sqrt(1.0-4.0%c6/c5%*2))

gpp=(cl*¥area(1l)+c(l)*area(l)*(ht-qc**2/(2.0*g*cout**2*anoz**2)) &
-gc)/npumps
end 1if

if (c6.9ge.0.0 .or. gpp.le.0.0) then
qpp=0.0
nopump=.true.

end if

if (c6.9e.0.0 .or. gpp.le.0.0) go to 3

vpp=(qc+npumps*qpp) /area(1l)
hpp=(vpp-c1) /c(1)

if (hpp.le.hsump) then
hpp=hsump
vpp=cl+c (1) *hpp

it (ht.ge.hpp) then
gc=cout*anoz¥*sqrt(2.0%*g*(ht-hpp))
dqp?=(area(1)*vpp-qCD/npumps
end 1



if (ht 1t.hpp) then
ht=hpp
gpp=area(l) *vpp/npumps

gqc=0.0
end if

bypass=.true.
end if

gpp=qpp/rpm
else
!

! pumps with no air chamber.
!

c6=hsump+c5*c8+c5*c7*cl*area(l)/(npumps*rpm)
hpp=c6/(1.0-¢c9)
if (hpp.1t.hsump) hpp=hsump
if Chpp.Tle.hsump) bypass=.true.
vpp cl+hpp*c(1)
f (vpp.le.0.0) vpp=0.0
1f (vpp.1e.0.0) hpp~—c1/c(l)
dqu vpp*area (1) /(npumps*rpm)
end i

! verify position on pump characteristic.
!

do j=1,5 ) )
d1g (qpp gt. qn(J) .and. gpp.le.gn(j+1)) exit
en

if (qpp gt.qn(3) and gpp-le.gn(j+1)) then
f (j.eq.i) go to
1 =]
else
if (gpp.gt.0.0 .and. i.eq.5) go to 1

if (gqpp.gt.0.0 .and. i.1t.5) di=i+l
if (gpp.le.0.0 .and. i.eq.1) go to 1

end if
end do

Iwrite(3,'(a)') " unsuccessful search for q after 20 iterations.
:tZ? write(3,'(a)") ' check if pump char extends over full range g=0 to
' stop
% final head and velocity calculations.
1 continue
2 hnew(1, 1)=hpp

vhew(1l,1)=vpp

if (nopump .and. air) go to 7
if (nopump) go to 8

g=gpp*rpm

if (g.gt.0.0) h_pump=hpp-hsump

if Chpp.le.hsump) h_pump=0.0

if (g.1e.0.0) h_pump=hn2(1)*rpm*rpm



if (.not.air) go to 8
go to 7

I air chamber without pumps assisting.

4 c5=2.0*g*cout*cout*anoz*anoz/(c(1l)*area(l))
c6=2.0*g*cout*cout*anoz*anoz*(Cht+cl/c(1))

if (c6.1t.0.0) go to 6
gc=0.5%c5%(~-1.04+sqrt(1.0+4.0%c6/(c5*c5)))

5 vpp=qc/area(l)
hpp=(vpp-c1)/c(1)

if (hpp.gt.hsump) go to 2

hpp=hsump
vpp=cl+c (1) *hpp

if (vpp.ge.0.0) then
bypass=.true.

if (ht.ge.hpp) gc=cout*anoz*sqrt(2.0%*g*(ht-hpp))

if (ht.1t.hpp) then
ht=hpp
qc=0.0
end if
end if

if (vpp.1t.0.0) gc=vpp*area(l)
go to 2

6 ¢5=2.0*g*cin*cin*anoz*anoz/(c(1l) *area(l))
c6=2.0*g*cin*cin*anoz*anoz*(ht+cl/c(1))

if (c6.9t.0.0) go to 4

go to 5

7 ct=ct+qc*delt
htt=ht
ht=pipez(1)-hatm+(htzero-pipez(1l)+hatm)*(ctzero/ct) **expon
if (ct.gt.volmax) tvmax=t
if (ct.gt.volmax) volmax=ct

8 continue

if (bypass) nopump=.true.
!
I Jocate maximum and minimum heads and h-values.
]
do i=1,npipes
k=npar(i)+1

if (deTtx.1t.deltn) deltn=deltx
if (hnew(i,j).le.hlow(i,j)) then



hTlow(i,j)=hnew(i,j)
tlow(i,j)=t

end if

if (hnew(i,j).ge.hhigh(i,j)) then

hhigh(i,j)=hnew(i,j)
thigh(i, j)=t

end if
head(i,j)=hnew(i,j)-(pipez(i)+x(i,j)*1 () *sine(i))

if (head(i,j).ge.phmax) then

ipmax=i
xmax=x(i,7J)
phmax=head(i, j)
ttmax=t

end if

ipmin=i
xmin=x(i,j)
phmin=head (i, j)
ttmin=t

end if

end if
if (head(i,j).Te.-hatm) then

write(3, "(a,1lplel5.7)') ' column separation occurred at

I’_t
write(3,'(a,i3)') ' in pipe =',i
write(3,'(a,1plel5.7)"') ' at location =',x(i,3j)
fail=.true.

end if
end do
end do

I write out h,v,and head values.

if (fail) exit

! prepare for next time step computation.

do i=1,npipes
k=npar(i)+1

do j=1,k
v(i,j)=vnew(i,])
h(i,j)=hnew(i,J)
end do

end do

if (mod(ii,iprint).eq.0) then

do i=1,npipes
k=npar(i)+1

write(3,'(a,i3)') ' pipe =',i
write(3, '(1p4el5.7)') &

end do
if (bypass .and. .not.nopump) write(3,'(a)') &

(x(i,3),head(i,j),hnew(i,3),vnew(i,j),j=1,k)

pump head has dropped to zero and bypass is open’



if (bypass .and. .not.air) write(3,'(@)"') &
' pump head has dropped to zero and bypass is open'’

if (bypass .and. air .and. abs(gc).1t.0.00001) then
write(3,'(a)") &
' air chamber pressure has dropped to sump pressure.’
write(3,'@") &
' sump is acting as the air chamber via pump bypass

Tine'
end if
end if
if (.not.bypass .and. .not.nopump) then
write(3,'(3(a,1plel5.7))') ' pump rpm =',rpm, &
" pump g =',q,"' each, pump head =',h_pump
end if
if (air .and. .not.bypass) then
write(3,'(a)"') ' air chamber:'
write(3, '(a,1plel5.7)') ' chamber g =',qc
write(3, '(a,1plel5.7)') ' chamber h-value ="', htt
write(3, '(a,1plel5.7)") ' air vol =',ct
end if
if (nsurge.ne.0) then
write(3,'(a)') ' one-way surge tanks:'’
do i=1l,nsurge
if (isurge(i).le.0) then
isur=-isurge(i)
write(3,'(a,i3))') ' end of pipe =',isur
end do
end if
end if

if (mod(ii,iplot).eq.0) then ] )
write(4,'(1p6el5.7)') t, head(ipl1(l),jpl (1)),

head(ip1(2),jp1(2)), &
head(ip1(3),jp1(3)), head(ipl1(4),jpT1(4)),

head(ip1(5),3jp1(5))

write(8, ' (1p6el5.7)") t, v(@pl(L),jpl()), V(1p1(2),q?;§ ), &

2
v(ipl(3),ip1(3)), v(ipl(4),jpl1(4)), v(ipl(5),]jp )

end if
end do

| check stability criteria.

if (deltn.1t.0.9999*delt) then
delt=0.999*deltn

write(*,'(a)') ' stability check criteria found a violation.’
write(*,'(a)') ' analysis must be rerun with a smaller delta t.'



write(*,'(a,1plel5.7)"') ' change data file to set dtnew =',6delt
write(*,"'(a)') ' and rerun =t'

write(3,'(a)') ' stability check criteria found a violation.'
write(3,'(a)') ' analysis must be rerun with a smaller delta t.
write(3, '(a,1plel5.7)') ' change data file to set dtnew =',delt
write(3,'(a)"') " and rerun =t’

stop
end if

I write out maximum and minimum heads and h-values.

' write(3,'(a)') ' extreme values:'
write(3,'(a)’') " x headmx time headmn time'

do i=1,npipes
write(3,'(a,i3)') ' pipe =',1i
k=npar(i)+1

do j=1,k
%eadmx=hhigh(i,j)—(pipez(i)+x(1,j)*](i)*sine(i))
headmn= hlow(i,])-(pipez(i)+x(i,7)*1(i)*sine(i))

write(3,'(1p5el5.7) ') x(i,j),headmx,thigh(i,j),headmn,tlow(i,j)
end do
end do

write(3,*)
write(3,'(a)') ' hhigh hlow'

do i=1,npipes ) )
write(3,'(a,i3)"') ' pipe =',1
k=npar(i)+1

do j=1,k
write(3, '(1p2el5.7) ") hhigh(i,j),hTow(i,])
end do
end do

pmax=phmax*rho_wat*g
pmin=phmin*rho_wat*g

write(3, '(a,1lplel5.7)') ' max_head =", phmax
write(3,'(a,1lplel5.7)') ' pmax =',pmax
write(3,'(a,i3)"') ' in pipe =',ipmax
write(3, '(a,1lplel5.7)') ' at x =',xmax
write(3, '(a,1lplel5.7)') ' at time =',ttmax
write(3, '(a,1plel5.7)') ' min_head =',phmin
write(3, '(a,1lplel5.7)') ' pmin =",pmin

write(3,'(a,i3)') ' in pipe =',ipmin_
write(3,'(a,1plel5.7)') ' at x =",xmin
write(3,'(a,1plel5.7)') ' at time =',ttmin

L

if (air) then
write(3, '(a,1plel5.7)') ' maximum air volume =',volmax
write(3, "(a,1plel5.7)') ' at time =',tvmax

end if

if (nsurge.ne.0) then
do i=1,nsurge
isur=iabs(isurge(i))

write(3,'(a,i3,a,i3)"') ' surge tank =',1,' at end of pipe



=",isur
writeﬁS&fga,1p1e15.7)') ' reached a minimum surface height =', &
s(i
end do
end if

! generate external data file for plotting.

open(ll,file="hlow.dat")
open(12,file="hhigh.dat")

write(9,'(a)") ' variables = xTloc, pelev'
write(10,'(a)') ' variables = xloc, hstead’
write(1l,'(a)') ' variables = xloc, hlow'
write(12,'(a)') ' variables = xloc, hhigh'

xbase=0.0

do i=1,npipes
k=npar(i)+1

do j=1,k . N
pelev=pipez(i)+x(1,j)*1(i)*sine(i)
xToc=xbase+1(1)*x(1,])

write(9, '(1p2e15.7) ") xloc,pelev )

write(10, ' (1p2el5.7) ') xloc,hstead(i,])

write(ll, '(1p2el5.7)") xloc,hlow(i,])

dwgite(lz,'(1p2e15.7)') xloc,hhigh(i,j)
end do

xbase=xbase+1(i)
end do

stop
end



program prog4
|
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! water hammer program for source pump rundown resulting from power

failure.
! system configuration has pumps at upstream end and reservoir at

downstream
! end. program will handle any number of parallel pumps, all fail

! simultaneously.
real x[allocatable](:,:),v[allocatable](:,:),h[allocatable](:,:), &
hlow[allocatable](:,:),hhigh[allocatable](:,:),p_h[allocatable](:,:), &

vnew[allocatable](:,:),hnew[allocatable](:,:),thigh[allocatable](:,:), &
tlow[allocatable](:,:),hstead[allocatable](:,:)

real T[allocatable](:),d[alTlocatable](:),alallocatable](:), &
pipe_z[allocatable](:),f[allocatable](:),vzerol[allocatable](:), &
c[alTlocatable](:),ak[allocatable](:),sine[alTocatable](:), &
arealallocatable](:),dtt[allocatable](:),ds[allocatable] (:)

integer nparl[allocatable](:)

dimension ip1(5),jp1(5)

dimension qpump(6),gn(6) ,hpump(6),hn2(6),ppump(6),tn2(6)

Togical fail,bypass,rerun

integer pipe

real la

data rerun/.false./

namelist/specs/iprint,iplot,npipes,nparts,hres, hsump,hatm,zend,gtry,gacc

tmax, dtnew, rerun,g,rho_wat,ipl,jpl

namelist/pumps/npumps, rpm,wr2,qpump, hpump, ppump

read(2,specs)

np=npipes

allocate(1(np),d(np),a(np),pipe_z(np),f(np),vzero(np),npar(np),c(np),
ak(np),sine(np),area(np),dtt(np),ds(np))

read(2,*) (pipe,d(i),1(i),f(G),adi),pipe_z(i),i=1,npipes)



read(2, pumps)

dtn=100000.0

fail=.false.

bypass=.false.

pi=3.141592654

compute steady state discharge.

if (qtry.1t.2.23e-6) qgtry=qpump(4)

do nz=1,20

do i=1,5
dig (gtry.gt.gpump(i) .and. gtry.le.qpump(i+1)) exit
end do

if (qtry.le.qpump(i) .or. qgtry.gt.gpump(i+1l)) then
write(3,'(a)"') ' exceeded maximum discharge value input. stop'
stop

end if

Tn=hpump(i)+(qtry—qpump(i))*(hpump(i+1)~hpump(1))/CQPumD(1+1)—QPump(i))
i compute pipe losses, *(1/d)*v**2/(2*qg), v=4*q/(pi*d**2) -->

1
{

stop'

8:‘:-{3-.‘:" :‘:q:‘::‘:z/(g:‘:pi :‘:-,‘:Zz':d:':-.’:s)
totloss=0.0
do j=1,npipes
totloss=totloss+8.0*f(F)*1(j)*(qtry*npumps)**2/(g*pi**2*d(j)**5)
end do
funct=hsump-hres+hn-totloss
fprime=Chpump (i+1) -hpump (1)) /(gpump (i +1) -gpump(i))-2.0%totloss/qtry
gnext=qtry-funct/fprime
if (abs(gnext-qtry).lt.gacc) exit

gtry=qgnext

end do

if (abs(gnext-gtry).ge.gacc) then

write(3,'(a)') ' unsuccessful g_steady_state after 20 iterations.

stop

end if
gline=gnext*npumps
g=gnext
h_pump=hn+hsump

do 1=1,npipes

area(i)=pi*d(i)**2/4.0

vzero(i)=qline/area(i)

c(i)=g/aCi) L , . . . .
if (i.ne.npipes) sine(i)=(pipe_z(i+1)-pipe_z(i))/1(i)

end do
compute minimum dt.

dt=dtt (1)
kmin=1



do i=2,npipes
if (dtt(i).Tle.dt) then
dt=dtt (i)
kmin=i
end if
end do

if (rerun) dt=dtnew
nparr=1

do i=1,npipes
if (i.eq.kmin) then
npar(i)=nparts
else
anpar=1(i)/(dt*(vzero(i)+a(i)))
npar(i)=anpar
test=npar(i)
diff(abs(test+l—anpar).1t.0.0001) hpar(i)=npar(i)+1
end i

if (npar(i).gt.nparr) nparr=npar{i)
end do

iz=nparr+l
izz=1z+1

a1éocate(x(np,1z),v(np,iz),h(np,iz),h1ow(np,iz),hhigh(np,iz),p_h(np,izz)

’

do i=1,npipes
k=npar(i)+1
p_h(i,k+1)=0.0
end do

write(3,'(a/)"') ' input data:’

write(3,'(a,i3)"') ' print interval, 1iprint =',iprint

write(3,'(a,i3)"') ' print interval, iplot =',iplot

write(3,'(a,i3)"') ' number of pipes, npipes =',npipes

write(3,'(a,i3)"') ' minimum no. of parts pipe is divided into
=',nparts

write(3, '(a,1plel5.7) ') ' atmospheric pressure head =',hatm

write(3, '(a,1plel5.7)") ' downstream elev at end of last pipe =',zend

write(3, '(a,1plel5.7) ') ' maximum real time of analysis, sec =',tmax

write(3, "(a,1plel5.7)') ' steady state convergence accuracy, cfs

="',gacc
write(3,'(a/)"') ' pump data:’

write(3,'(a,i3)"') " number of pumps in parallel =',npumps
write(3,'(a,1lplel5.7)"') ' steady state pump speed, rpm =',rpm
write(3, '(a,1plel5.7/)') ' each pump-motor inertia moment =',wr2

write(3,'(a/)")
write(3,'(1p3el5.7
write(3,%*)

pump hpump ppump’ .
') (gpump (), hpump (i), ppump(i),i=1,6)

A" Je)

hpumpp=h_pump-hsump

write(3, '(a,1plel5.7)') ' steady state Tine flow rate, cfs =',gline
write(3, '(a,1plel5.7/)"') ' at a pump head =',hpumpp

write(3,'(a/)') ' pipe input data:’
write(3,'(a/)') ' pipe d 1 wave_spd pipe_z'



_i

!
|
!

I
]

do i=1,npipes

write(3,'(i3,1p4el5.7)"') i,d(),1(),a(i),pipe_z(i)

end do

write(3,*)
write(3,'(a/)') ' pipe f V'
do i=1,npipes
write(3,'(i3,1p2el5.7)") 1i,f(i),vzero(i)
end do

write(3,'(a,5i3)") ' ipl, plot pipes

1,ip1(1),ip1(2),ip1(3),ip1(4),ipl(5)

write(3,"'(a,5i3)") ' jpl, plot nodes

"Lipl(1),ip1(2),ip1(3),ipl1(4),ip1(5)

write(3,*)
write(3,'(a)') ' pipe dt-sec parts sine 1/a-sec

do i=1,npipes
Ta=1(i)/a(i)
aint=1.0-dt*npar(i)/la

write(3,'(i3,1plel5.7,i3,1p3el5.7)")

,dtt(i),npar(i),sine(i),la,aint

end do
convert to g/n, h/n2, t/n2.

do 1=1,6
an(1)=gpump(i)/rpm
hn2 (i) =hpump (i) /rpm#**2
tn2(i)=(30.0/pi) *ppump(i)/rpm**3
end do

set up conditions for steady state (t=0).

h(1,1)=h_pump
v(1l,1)=vzero(1l)

do 1i=1,npipes
ds(i)=1(1)/npar(i)
ak(i)=f()*dt/(2.0%*d(i))
deThf=Ff(i)*ds(i)*vzero(i)**2/(2.0*g*d(i))
k=npar(i)+1

do j=2,k _
x(i,j)=-1)*ds(i)/1(i)

p_h(1,3)=h(,j)-(pipe_z(i)+x(i,j)*1(1)*sine(i))

v(i,j)=vzero(i)
end do

if (i.ne.npipes) then
h(i+1,1)=h(i,k)
v(i+l,1)=vzero(i+1)
end if
end do

do 1=1,npipes
k=npar(i)+1

do j=1,k
hstead(i,j)=h(i,3)

interpolation'’



tlow(i,j)=0.0
thigh(i,j)=0.0
hTlow(i, j) h{i,3)
hhigh(i,3)=h(i,7)
end do
end do

open(4,file="p_h.dat"')
open(8,file="v.dat")

t, hdl, hd2, hd3, hd4, hd5'
t, hl, h2, h3, h4, h5'
t, vl, v2, v3, v4, v5°

write(4,'(a)’) ' variables
write(7,'(a)') ' variables
write(8,'(a)') ' variables

phmax=-100.0
phmin=100000.0

i

do i=1,npipes
k=npar(i)+1

do j=1,k
it (p_h(i,j).1t.phmax) then
if (p_h(1 j).le.phmin) then
ipmin=1
xmin=x(i,7)
ttmin=t
end if
else
ipmax=i
xmax=x(1,3)
phmax= p_h(1 D)
ttmax=t
end if
end do
end do

I write out steady state conditions.

" t=0.0
jentry=0
index=tmax/dt+1

write(3,*)
write(3,'(a,1plel5.7/)") ' time, sec =',t
write(3,'(@)') " x p_h h v'

do i=1,npipes
k=npar(i)+1

write(3,'(a,i3)') ' pipe =',i . . Coan s
write(3, ' (1p4el5.7)") (x(i,3),p_h(i,3),h(,3),v(i,3),3=1,k)
end do
ii=1

h_pump=h_pump-hsump

write(3,*)

write(3,'(a,1plel5.7)°) ° pump speed, rpm =',rpm

write(3, '(a,1plel5.7)") ' pump discharge,q , cfs each =',qg
write(3,'(a,1plel5.7/)"') ' pump head, h =",h_pump

write(4 "(1p6el5.7)") t, p_h(ipl(1),jp1(1)), p_h(ipl(2),jp1(2)), &
(1p?(3) jp1(3)), p_h(ip1(4),Jp1(4)), p_h(ip1(5),]JpT1(5))



write(7,'(1p6el5.7)') t, h(ipl(1), %p (1)), h@Gpl(2), %p1(2)) &
hGip1(3),jpl1(3)), h(ipl(4), jpl(4)), hGpl(5),ipl(5))

write(8,'(1p6el5.7)') t, V(1p1(1),%p (1), V(1p1(2),%p1(2)) &
v(apT(3),3p1(3)), v(Epl4),3p1(d), v(@ipl(5),jpl(5))

do ii=1,index
t=t+dt

! compute h and v at interior nodes.

do i=1,npipes
k=npar (i)

do j=2,k
vl=v(i,j)-a(i)*dt/ds(i)*(v(i,j)-v(i,j-1))
vr=v(i,j)-a(i)*dt/ds(i)*(v(i,J)-v(i,J+1))
h1=h(i,j)-ai)*dt/ds(i)*(h(i,3)-h(i,3-1))
hr=h(i,j)-aCi)*dt/ds(i)*(h(i,])-h(i,]3+1))
vhew(i,3)=0.5*(vT+vr+c(i)*Chl-hr)+c(i)*dt*sine(i)*(vl-vr) &
-aki)*(vi*abs(v)+vr*abs(vr)))
hnew(i,j)=0.5*ChT+hr+(vl-vr)/c(i)+dt*sine(i)*(vi+vr) &
-(ak(i)/c(i))*(vl*abs(vl)-vr*abs(vr)))
end do
end do
|
f compute h and v at interior junctions.

kk=npipes-1

do i=1,kk
k=npar(i)+1
vi=v(i,k)-a@i)*dt/ds(i)*(v(i,k)-v(i,k-1))
hl=h(i,k)-a(i)*dt/ds(i)*(h(i,k)-h(i,k-1))
cce=vI+c(i)*hl+c (i) *vl*dt*sine(i)-ak(i)*vl*abs(vl)
ve=v(i+1,1)-a(i+1)*dt/ds(G+1)*(v(i+1,1)-v(i+1,2))
hr=h(i+1,1)-a(i+1)*dt/ds(i+1)*(h(i+1,1)-h(i+1,2))

hnew(i,k)=(-cc*area(i+1)+ccc*area(i))/(c(i+1l)*area(i+1)+c(i)*area(i))
hnew(i+1,1)=hnew(i, k)
vhew(1, k) ccc-c(i)*hnew(i, k)
vnew(i+1,1)=cc+c(1+1)*hnew(1+1,1)
end do
!
I compute h and v at downstream end (for a constant head reservoir).
!
nv=npar(npipes)+1

vi=v(npipes,nv)-a(npipes)*dt/ds(npipes)*(v(npipes,nv)-v(npipes,nv-1))
h1=h(npipes,nv)-a(npipes)*dt/ds(npipes)*(h(npipes,nv)-h(npipes,nv-1))

cc=vi+c(npipes)*hl+c(npipes)*v1*dt*sine(npipes)-ak(npipes)*vi*ahs(v1)
hnew(npipes,nv)=hres
vhew(npipes,nv)=cc-c(npipes)*“hnew(npipes,nv)

!

! boundary conditions at the pump.

1
if (.not.bypass) then



qq=q/rpm

if (qq.1e.0.0) then
t_n2=tn2(1)
i=1
else
do i=1,5
if (gq.gt.gn(i) .and. qq.le.gqn(i+1)) exit
end do

if (qq.gt.gn(i) .and. qq.le.gn(i+1)) then
] t_n2=tn2()+(qg-gn())*(tn2(+1)~tn2G))/(gnG+1) -gn (i)
else
write(3,'(a)') ' exceeded maximum bp value input.’

i=5
t_n2=tn2(6)
end if
end if

rpm=rpm-30.0*t_n2*dt/(pi*wr2/g)*rpm*rpm

if (rpm.1t.0.0) bypass=.true.
end if

vr=v(1l,1)-a(1)*dt/ds(1)*(v(1,1)-v(1,2))
hr=h(1,1)-a(1)*dt/ds(1)*(h(1,1)-h(1,2))
cl=vr-c(1)*hr-c(1)*dt*vr*sine(1l)-ak (1) *vr*abs{vr)

if (bypass) then
hpp=hsump
vpp=cl+hpp*c(1)

if (vpp.le.0.0) then
vpp=0.0
hpp=-c1/c(1)
end if
else
do nz=1,20
ha=hn2(3)
hb=hn2(i+1)
gb=gn(i+1)
CS5=rpm*rpm
c8=hb-gb*c?7
cb=hsump+c5*c8+c5*c7*cl*area(1l)/(npumps*rpm)
c9=c5*c7*c (1) *area(1)/(npumps*rpm)
hpp=c6/(1.0-c9)
if (hpp.1t.hsump) hpp=hsump
vpp=cl+hpp*c(1)
if (vpp.le.0.0) vpp=0.0
if (vpp.le.0.0) hpp=-cl/c(l)
gpp=vpp*area(1)/(npumps*rpm)

do j=1,5 ) . .
if (gqpp.gt.gn(j) .and. gpp.le.gn(j+1l)) exit
end do

if (gpp.gt.qn(j) .and. gpp.le.gn(j+1)) then
if (j.eq.i) go to 1
i=j

else
if (gpp.gt.0.0 .and. i.eq.5) go to 1

if (gqpp.gt.0.0 .and. i.71t.5) i=i+l



if (gpp.le.0.0 .and. i.eq.l) go to 1

if (gpp.le.0.0 .and. i.gt.1) i=i-1
end 1if
end do

write(3,'(a)"') ' unsuccessful search for g after 20 iterations.
stop'

stop
end if

1 hnew(1, 1)=hpp
vnew(1l,1)=vpp

if (.not.bypass) then
if (vpp.?t.0.0) h_pump=hpp-hsump
it Chpp.le.hsump) h_pump=0.0
if (hpp.le.hsump) bypass=.true.
if (vpp Te.0.0) h_pump=hn2(1)*rpm**2
g=gpp=rpm
end if
|
! Tocate maximum and minimum heads and h-values.
!
do i=1,npipes
k=npar(i)+1

do j=1,k
° th 1(i1)/(npar(i)*(abs(vnew(i,j))+a(i)))
if (dtx.1t.dtn) dtn=dtx

if (hnew(i,j).Tle.hlow(i,j)) then
hlow(i, ]) hnew(i,3j)
tTow(i,j)=t

end if

if (hnew(i,j).ge.hhigh(i,j)) then
hhigh(i, j)=hnew(i, j)
thigh(i, j)=t

end if

p_h(i,j)=hnew(i,j)-(pipe_z(id)+x(i,j)*1 () *sine(i))

if (p_h@i,j).1t.phmax) then
if (p_h(1 j).le.phmin) then
ipmin=1
xmin=x(i,3)
phmin=p_h(i,J)
ttmin=t
end if
else
ipmax=1i
xmax=x(i,7j)
phmax=p_h(i, j)
Ttmax=t
end if

if (p_h(i,j).1le.-hatm) then
write(3, '(a,1plel5.7)") ° co1umn separation at, sec’,t
write(3,'(a,i3)') ' in pipe =',i
write(3, '(a,1lplel5.7)') ' at location =",x(i,3)

fail=.true.



!

end if
end do
end do

if (fail) exit

! prepare for next time step computation.
!

do i=1,npipes
k=npar(i)+1

do j=1,k
h(i,j)=hnew(i,j)
end do
end do

if (mod(ii,iprint).eq.0) then
write(3,'(a,1plel5.7/)"') ' time, sec =',t
write(3,'@/D') " x p_h h V'

do i=1,npipes
k=npar(i)+1

write(3,'(a,i3)") pipe =',i
write(3, '(1p4el5.7)")

(x(1,3),p_h(i,3),hnew(d,3),vnew(i,j),j=1,k)
d do

en

if (bypass .and. vnew(1l,1).gt.0.0) &
write(3,'(a/)"') ' pump head dropped to 0 and bypass is open.’

if (.not.bypass) then
write(3,'(a,1plel5.7)") ' pump speed, rpm =', rpm
write(3, '(a,1lplel5.7)') ' pump discharge,q each =',q
write(3, '(a,1plel5.7/)") ' pump head, h =", h_pump
end if
end if

if (mod(ii,iplot).eq.0) then

write(4,'(1p6el5.7)"') t, p_h(ipl(1
p_hCipl(2),3jpl(2)), p_h(ip1(3

p_h(Cip1(5),jpl1(5))

write(7, ' (1p6el5.7)') t, h(1p1(l),% D), h(ipl(2),jp1(2)), &
h(Gip1(3),3p1(3)), hGp1(H,jp , h@Gp1(5),3p1(5))

p1(1

“4»

write(8, ' (1p6el5.7)") t, v(ipl(1),jp1(1)), v(pl1(2),jp1(2)), &
v(ipl(3),jpl@3)), v@pld),jpl4)), v(ipl(5),jpl(5))

_h(Gipl(4),jp1(4)),

AN
(SRR
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—
~

! check stability criteria.

" if (dtn.1t.0.9999%dt) then

dt=0.999*dtn

write(*,'(a)') ' check for stability criteria found a violation.'
write(*,'(a)') ' analysis must be rerun with a smaller dt.'
write(*,'(a,1plel5.7)") ' change data file to set dtnhew, sec =',dt



write(*,'(a)') ' and rerun = t'
write(3,'(a)"') ' check for stability criteria found a violation.'
write(3,'(a)') ' analysis must be rerun with a smaller dt.'
write(3, '(a,1lplel5.7)") change data file to set dtnew, sec =',dt
write(3,'(a)') ' and rerun = t
stop

end if

! write out maximum and minimum heads and h-values.

write(3,'(a/)"') ' extreme values:'
write(3,'(a/)') ' x p_h_max time p_h_min time'

do 1i=1,npipes
write(3,'(a,i3)"') ' pipe =',i

k=npar(i)+1

do j=1,k
p_h_max=hhigh(i,j)-(pipe_z(G)+x(i,j)*1 () *sine(i))

write(3, "(1p5el5.7)")
x(i,3),p_h_max,thigh(i,j),p_h_min,tTow(i,j)
end do
end do

write(3,%)
write(3,'(a/)') ' hhigh hlow'

do 1i=1,npipes
write(3,'(a,i3)') ' pipe =',1
k=npar(i)+1
do j=1,k

write(3, '(1p2el5.7)") hhigh(i,j),hlow(i,])
end do

pmax=phmax*rho_wat*g
pmin=phmin*rho_wat*g

write(3,'(a,1plel5.7)') ' phmax =',phmax
write(3,'(a,1lplel5.7)') ' pmax =',pmax
write(3,'(a,i5)"') " in pipe =',ipmax
write(3,'(a,1plel5.7)') ' at x =',xmax
write(3,'(a,1plel5.7)"') ' at time, sec =',ttmax
write(3,*

write(3,'(a,1plel5.7)') ' phmin =',phmin
write(3,'(a,1plel5.7)') ' pmin =",pmin
write(3,'(a,i5)"') ' in pipe =',ipmin
write(3,'(a,1plel5.7)') ' at x =',xmin
write(3,'(a,1plel5.7)') ' at time, sec =',ttmin

! generate external data file for plotting.

open(9,file="pipe_el.dat")
open(10,file="hstead.dat")
open(1ll,file="hlow.dat")
open(12,file="hhigh.dat")

write(9,'(a)') ' variables = xloc, pipe_el'
write(10,'(a)') ' variables = xloc, hstead'
write(1l,'(a)') ' variables = xloc, hlow'



write(12,'(a)') ' variables = xloc, hhigh’
xbase=0.0

do i=1,npipes
k=npar(i)+1

do j=1,k
pipe_el=pipe_z(i)+x(i,j)*1(i)*sine(di)
xToc=xbase+1(i)*x(i,3)

write(9, '(1p2el5.7)"') xloc,pipe_el

write(10, '(1p2el5.7)"') xloc,hstead(i,j)

write(ll, '(1p2el5.7) ') xloc,htow(i,j)

dwgite(lZ,'(lp2e15.7)') xloc,hhigh(i,j)
en o]

xbase=xbase+1(i)
end do

stop
end



program progs
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! water hammer program for pump rundown resulting from power failure.

system
I configuration has reservoirs at both the upstream end and the

downstream end ] ] ] .
! of the pipeline with a booster pump station located in the Tine.

booster pump
! station has frictionless bypass. program will handle any number of

paralle]l
! pumps-all fail simultaneously.

real x[allocatable]l(:,:),v[allocatable](:,:),h[allocatable](:,:), &
hlow[allocatable] (:,:),hhigh[allocatable](:,:),p_h[allocatable](:,:), &
thigh[allocatable](:,:), &
tlow[allocatable]l(:,:),hstead[allocatable](:,:)
real 1[allocatable](:),d[allocatable](:),alallocatable](:), &

c[allocatable] (:),ak[allocatable](:),sine[allocatable](:), &
arealallocatablel(:),dtt[allocatable](:),ds[allocatable](:)

integer nparl[allocatable](:)

dimension ip1(5),jpl1(5)

dimension gpump(6),gn(6),hpump(6),hn2(6),ppump(6),tn2(6)
Togical fail,bypass,rerun

integer pipe
real la

namelist/specs/iprint,iplot,npipes,nparts,hresup,hresdn,zend,hatm,qgtry,
&
gacc,tmax,dtnew, rerun,g,rho_wat,ipl,jp]l
namelist/pumps/npumps,ipump, rpm,wr2,gpump, hpump, ppump

data rerun/.false./

read(2, specs)
np=npipes

allocate(1(np),d(np),alnp),pipe_z(np), f(np),vzero(np),npar(np),c(np),ak(

np),&
sine(np),area(np),dtt(np),ds(np))



read(2,*) (pipe,d(i),10),f(1),ali),pipe_z(i),i=1,npipes)
read(2, pumps)

dtn=100000.0
fail=.false.
bypass=.false.
pi=3.141592654

! compute steady state discharge.
if (qtry.1t.2.23e-6) qtry=qpump(4)

do nz=1,20
do i=1,5
dig (qtry.gt.qgpump(i) .and. gtry.le.gpump(i+1)) exit
en o}

if (qtry.le.qpump(i) .or. qtry.gt.qpump(i+1l)) then
stop
end if

h_pump=hpump (i) +(gtry-qpump(i))*Chpump(i+1) -hpump(i)) &
/ (gpump (i+1) -qpump (7))

|

! compute pipe losses, T*(1/d)*v**2/(2* ) v=4*q/(pi*d**2) -->
! Brf*1*q**2/(g*pi**2*d**5)
!

totloss=0.0

do j=1,npipes
dtgt]oss totloss+8.0*fF(F)*1(G)*(qtry*npumps)**2/(g¥*pi**2*d(j)**5)
end do

funct=hresup-hresdn+h_pump-totloss
fprime=Chpump(i+1) -hpump(i))/(gqpump(i+1)-gpump(i))-2.0*totloss/qtry
gnext=qtry-funct/fprime

if (abs(gnext-qtry).lt.gacc) exit

gtry=gnext
end do

if (abs(gnext- qtry) ge.gacc) then
write(3,'(a)') ' unsuccessful g_steady_state after 20 iterations.
stop'
stop
end if

gline=gnext*npumps
g=gnext

do i=1,npipes
area(i)=pi*d(i)**2/4.0
vzero(i)=qline/area(i)
c(id=g/a(i)
if (i.ne.npipes) sine(i)=(pipe_z(i+1)-pipe_z(id))/1()
end do
! compute minimum dt.

dt=dtt (1)
kmin=1

do i=2,npipes



if (dtt(i).Tle.dt) then
dt=dtt (i)
kmin=1
end if
end do

if (rerun) dt=dtnew
nparr=1

do i=1,npipes

if (i.eq.kmin) then

npar(i)=nparts
else

anpar=1(i)/(dt*(vzero(i)+a(i)))

test=npar(i)
diff(abs(test+1-anpar).1t.0.0001) npar(i)=npar(i)+1

end 1

if (npar(i).gt.nparr) nparr=npar(i)
end do

iz=nparr+l
1zz=1z+1

a1éocate(x(np,iz),v(np,iz),h(np,iz),h1ow(np,1z),hhigh(np,iz),p_h(np,izz)

3

vhew(np,iz),hnew(np,iz),thigh(np,iz),tlow(np,iz),hstead(np,iz))

do 1i=1,npipes
k=npar(i)+1
p_h(i,k+1)=0.0
end do

write(3,'(a/)') ' input data:'

write(3,'(a,i3)") ' print interval, iprint =',iprint
write(3,'(a,i3)') ' number of pipes, npipes =',6npipes
write(3,'(a,i3)") ' minimum no. of parts pipe is divided into
=',nparts
write(3,'(a,i3)"') ' booster pumps located downstream end of
pipe',ipump
write(3,'(a,1plel5.7)') ' reservoir elev at upstream end =', hresup
write(3,'(a,1plel5.7)') ' reservoir elev at downstream end =',hresdn
write(3, '(a,1plel5.7)"') ' atmospheric pressure head =',hatm
write(3,'(a,1lplel5.7)') ' downstream elev at end of last pipe =',zend
write(3,'(a,1plel5.7)") ' maximum real time of analysis, s =',tmax
write(3,'(a,1plel5.7/)"') ' steady state convergence accuracy =',qgacc

write(3,'(a/)') ' pump data:'

write(3,'(a,i3)") ' number of pumps in parallel =',npump§

write(3,'(a,1plel5.7)') ' steady state pump speed, rpm =',rpm
write(3,'(a,1plel5.7/)") ' each pump-motor 1inertia moment =',wr2

write(3,'(a/)') ' gpump_ hpump ppump' _
write(3, '(a,1plel5.7)') ' steady state Tline flow rate =',qgline
write(3,'(a,1plel5.7/)") ' at a pump head =',h_pump

write(3,'(a/)') ' pipe input data:' ]
write(3,'(a/)') ' pipe d 1 wave_spd pipe_z'

do i=1,npipes ) _
write(3,'(i3,1p6el5.7)") 1,d(),1¢),ad{),pipe_z(i)



end do

write(3,*)

write(3,'(a/)") © pipe f v

do

i=1,npipes
write(3,'(i3,1p6el5.7)") i,f(),vzero(i)

end do

wr1te(3 "(a,5i3/)') ' ipl, plot pipes
,ip1 (D), 1p1(2) ip1(3), 1p1(4) ip1(5)

wr1te(3 "(a, 513)') ! jp], p]ot nodes

=", 3p1(1),3p1(2),3p1(3) 31 (#),3p1(5)

write(3,%*)

do

i=1,npipes
Ta=1(i)/a(i)
aint=1.0-dt*npar(i)/la

write(3,'(i3,1plel5.7,i3,1p3el5.7)")

i,dtt(i),npar(i),sine(i),la,aint

end

do

! convert gpump to g/n.

! convert hpump to h/n**2.

convert ppump to t/n¥*2.

note: t = p/w, w = 2*pi*n/60 --> t = 30%p/(pi*n) --> t/n**2 =
30":p/(p-| frn:'::':3)

!

" do

|
|

i=1,6

gn(1)=gpump(i)/rpm

hn2 (1)=hpump (i) /rpm**2
tn2(i)=30.0%ppump(i)/pi/rpm**3

end do

set up conditions for steady state (t=0).

h(1,1)=hresup
v(1l,1)=vzero(l)

do

i=1,npipes

ds(1) 1) /npar(i)
k=npar(i)+1

x(i,1)=0.0
p_h(i,1)=h(i,1)-pipe_z(i)

do j=2,k
XC1 39=C3-D*dsCi)/1(1)
h(i,j)=hG,D)-G-1)*fG)*ds(i)* vzero(1)“2/(2 0*g*d(i))
p_h(1 j)= h(1 3)-(pipe_z(i)+x(i,7)*TG)*sine(d))
v(i, j) vzero(1)
end do

if (i.ne.npipes) then
h(i+1,1)=h(i,k)
if (i.eq.ipump) h(i+1,1)=h(,k)+h_pump
v(i+l,1)=vzero(i+1l)

end if

end do

do i

=1,npipes
k=npar(i)+1

do j=1,k



hstead(i,j)=h(i,J)
tlow(i,j)=0.0
h-|OW(-| ,J)=h(1 5])
hhigh(i,3)=h(1,3)

end do
end do
open(4,file="p_h. dat )
open(7,file="h.dat")
open(8,file="v.dat")
write(4,'(a)') ' variables = t, p_h_1, p_h_
write(7,'(a)') ' variables = t, hl, h2, h3,
write(8,'(a)') ' variables = t, vl, v2, v3,

phmax=-100.0
phmin=100000.0

do 1i=1,npipes
k=npar(i)+1

do j=1,k
if (p_h(i,j).1t.phmax) then
it (p_h(i,j).le.phmin) then
ipmin=1
phmin=p_h(i,3)
ttmin=t
end if
else
ipmax=i
xmax=x(i,7j)
phmax=p_h(i,7)
ttmax=t
end if
end do
end do

! write out steady state conditions.

 1=0.0
ientry=0

write(3,%)
write(3,'(a,1plel5.7/)"') ' time, s =',t
write(3,'(a)') ' x p_h h V'

do i=1,npipes
k=npar(i)+1

write(3,'(a,i3)")
write(3, '(1p4el5.7)'
end do

pipe =
) (x

ii=1

write(3,*)

2, p_h_
h4, h
vd, v

write(3, '(a,1plel5.7)"') ' pump speed, rpm =',rpm

write(3,'(a,1plel5.7) ') ° pump discharge,

g each

5
5

? p_h_4, p_h_5"

=" ,q

write(S,'(a,lplelS.?/)') ' pump head, h =',h_pump

write(4,'(1p6el5.7)') t, p_h(ip1(1),jp1(1)), p_h(ipl(2),jp

p_h(ip1(3),3p1(3)), p_h(ip1(4),3p1(4)), p_h(ip1(5),3p

write(7,'(1p6el5.7)") t, h(1p1(1),qp1(l)), 1 ),ip1(2)),
(4)), hGpl(5),Jp

h(ip1(3),3ip1(3)), h(Gipl(4),Jp

h(1p1(2),q

1(2
105

a, J) p_h(,3),h(G,3),v(,3),3=1,K)

)
)
&

), &
)



write(8, '(1p6el5.7)") t, v(1p1(1),q%1

. I v 1)), VCip1(2),qp1
v(pl(3),ipl1(3)), v(@pl4),jpl4 (

), v(ipl(5),Jp

~r

index=tmax/dt+1

do ii=1,1index
t=t+dt

! compute h and v at interior nodes.

do i=1,npipes
k=npar(i)

do j=2,k
vi=v(i,j)-a@i)*dt/dsG)*(v(i,j)-v(@,j-1))
vr=v(i,J)-ai)*dt/dsG)*(v(i,1)-v(i,]+1))
vnew(i,7)=0.5*(v1+vr+c(i)*(hT-hr)+c(i)*dt*sine(i)*(vl-vr) &
—ak(i)*(vl*abs(v1)+vr*abs(vr)))
hnew(i,j)=0.5*ChT+hr+(vi-vr) /c(i)+dt*sine(i)*(v1+vr) &
-ak(@(i)/ci)*(vi*abs(v1l)-vr*abs(vr)))
end do
end do

! compute h and v at interior junctions.
kk=npipes-1

do i=1,kk
k=npar(i)+1
vi=v(i,k)-a(i)*dt/ds(i)*(v(i,k)~-v(i, k-1))
hl=h(i,k)-a(i)*dt/ds(i)*Ch(i,k)-h({,k-1))
vr=v(i+l,1)-a(i+1)*dt/ds(GG+1)*(v(i+1,1)-v(i+1,2))
hr=h(i+1,1)-a(i+L)*dt/ds(i+1L)*Ch(i+1,1)-h(i+1,2))
c3=vr-c(1+1)*hr-c(i+1)*dt*vr*sine(i+1)-ak(i+1)*vr*abs(vr)

if (i.eq.ipump) then
! compute conditions at booster pump.
if (bypass) go to 1
qg=q/rpm
if (ggq.9t.0.0) then
do j=1,5

if (gqq.gt.gn(j) .and. gqg.le.gn(j+1)) exit
end do

if (gqq.gt.gn(j) then

t_n2=tn2(j)+(qq{qn(j))*(tn2(j+l)-thCj))/(qn(j+1)‘qn(j))
else
write(3,'(a)') ' exceeded maximum bp value input.’

j=5
t_n2=tn2(6)
end if
else



t_n2=tn2(1)
j=1
| end if

g n(t+dt) = n(t) - 60/(2%pi*i)*torq(t)*dt (11.14)
rpm=rpm-30.0%(t_n2¥*rpm**2)*dt/(pi*wr2/g)
if (rpm.1t.0.0) bypass=.true.
if (rpm.ge.0.0) go to 2

1 continue
vpd=(cl*c(i+1)+c(i)*c3)/(c(i)+c(i+1)*area(i+1l)/area(i))

if (vpd.1e.0.0) then
vps=0.0
vpd=0.0
hpd=-c3/c(i+1)

go to 4

end if

vps=area(i+1)*vpd/area(i)
hpd=(vpd-c3)/c(i+1)
hps=hpd

go to 4

2 do nz=1,20
ha=hn2(j)
hb=hn2(j+1)

ga=qgn(j)
gb=gn(J+1)

c7=(ha-hb)/(ga-gb)
vpd=(cl/c)+rpm*rpm*c8+c3/c(i+1)) &

/(1.0/c(i+)+area(i+l)/(c(id)*area(i)) -rpm*c7*area(i+1) /npumps)
it (vpd.le.0.0) vpd=0.0

hpd=(vpd-c3)/c(i+1l)
vps=area(i+1)*vpd/area(i)
hps=(c1-vps)/c(i)

it (hpd.Tle.hps) then
vpd=(cl*c(i+1)+c(i)*c3)/(c(i)+cGi+1)*area(i+1l)/area(i))

vps=area(i+1)*vpd/area(i)
hpd=(vpd-c3)/c(i+1)
hps=hpd

end if

gpd=vpd*area(i+1)/(npumps¥*rpm)

1fd(qu.gt.qn(jj) .and. gpd.le.gn(jj+1)) exit
end do

if (?pd:gt.qn(jj) .and. gpd.le.gn(jj+1)) then
if (j.eq.jj) go to 3
3=33

else “
if (gpd.gt.0.0 .and. j.eq.5) go to 3



if (gpd.gt.0.0 .and. j.1t.5) j=j+1
if (gpd.1e.0.0 .and. j.eq.1l) go to 3

if (gpd.le.0.0 .and. j.gt.1l) j=j-1
end if
end do

write(3,'(a)') &
' unsuccessful search of g after 20 iterations. stop

stop

3 continue
q=qpd*rpm

4 hnew(i+1,1)=hpd

vhew(i+1,1)=vpd
vnew(i,k)=vps
hnew(i , k)=hps
if (hps ge.hpd) h_pump=0.0
if (hps.ge.hpd) bypass=.true.
if (hpd. ?t hps .and. vpd.gt.0.0) h_pump=hpd-hps
] if (vpd.Te.0.0) h_pump=hn2(1)*rpm**2
else

hnew(i,k)=(-c3*area(i+1)+cl*area(i))/(c(i+1)*area(i+1)+c(i)*area(i))
hnew(i+1,1)=hnew(i, k)
vnew(i,k)=cl-c(i)*hnew(i, k)
vhnew(i+1,1)=c3+c(i+1) *hnew(i+1,1)
end if
end do

! compute h and v at upstream end (for a constant head reservoir).

hr=h(1,1)-a(1)*dt/ds(1)*(h(1,1)-h(1,2))
hnew(1,1)=hresup
vnew(1l,1)=c3+c (1) *hresup

! compute h and v at downstream end (for a constant head reservoir).
nv=npar(npipes)+1
vi=v(npipes,nv)-a(npipes)*dt/ds(npipes)*(v(npipes,nv)-v(npipes,nv-1))

hl=h(npipes,nv)-a(npipes)*dt/ds(npipes)*Ch(npipes,nv)-h(npipes,nv-1))
hnew(np1pes nv)=hresdn
vnew(npipes,nv)=cl-c(npipes)*hnew(npipes,nv)

!

! Tocate maximum and minimum heads and h-values.

!
do i=1,npipes

k=npar(i)+1

do j=1
° dtx 1(1)/(npar(1) (abs(vnew(i,j))+a(i)))
if (dtx.Tt.dtn) dtn=dtx

if (hnew(i,j).le.hlow(i,j)) then
hlow(d, J) hnew(i, j)
tlow(i,j)=t

end if



if (hnew(i,i).ge.hhigh(i,i)) then
hhigh(i,3)=hnew(i, )
thigh(i,j)=t

end if

p_h(i,j)=hnew(i,j)-(pipe_z(i)+x(i,j)*1 () *sine(di))

if (p_h(i,j).Tt.phmax) then
if (p_h(i,j).le.phmin) then
ipmin=i
xmin=x({i,J)
phmin=p_h(i,J)
ttmin=t
end if
else
ipmax=i
xmax=x{i,7)
ttmax=t
end if

if (p_h(i,j).le.-hatm) then
write(3,'(a,1lplel5.7)") ' column separation at, s',t
write(3,'(a,i3)') " in pipe =',i

write(3,'(a,1plel5.7)') ' at 16cation =", x(1,7)

fail=.true.
end if
end do
end do

if (fail) exit
!
! prepare for next time step computation.
|

do i=1,npipes
k=npar(i)+1

do j=1,k
v(i,j)=vnew(i,j)
h(1 ,J)=hneW(1 7])
end do
end do

if (mod(ii,iprint).eq.0) then
write(3, '(a,1plel5.7/)') ' time, s =',t
write(3,'(a/)') ' x p_h h V'

do 1i=1,npipes
k=npar(i)+1
write(3,'(a,i3)') ' pipe =',i
write(3, '(1p4el5.7)")
(x(i,3),p_h(i,3),hnew(i,3),vnew(i,j),j=1,k)
end do

if (bypass .and. vpd.gt.0.0) & .
write(3,'(a/)') ' pump head dropped to O and bypass is open.'

if (.not.bypass) then
write(3,'(a,1plel5.7)') ' pump speed, rpm =", rpm
write(3, '(a,1lplel5.7/)"') ' pump head, h =",h_pump
end if
end if

if (mod(ii,iplot).eq.0) then



write(4,'(1p6el5.7)") t, p_hCGip1(1),jpl(1)), p_h(ipl1(2),ipl1(2)),
p_hGpl(3),jp1@3)), p_h(Gipl1(4),jpT1(4)), p_hGpl(5),ipT1(5))

write(7,'(1p6el5.7)") t, h(1p1(1),qp1(1)), h(1p1(2),gp1(2)), &
h(ip1(3),3p1(33), h(ipl(4),ipl(4)), h(ip1(5),jpl1(5))

write(8,' (1p6el5.7)") t, v(ip1(l),%p1(l)), v(1p1(2),qp1(2)), &
v(pl(3),3p1(3)), v(pl(4),jpl4)), v(pl(5),jpl(5))

! check stability criteria.

if (dtn.1t.0.9999*%dt) then
dt=0.999%dtn

write(*,'(a)') ' check for stability criteria found a violation.'
write(*,'(a)') ' analysis must be rerun with a smaller dt.'
write(*,'(a,1plel5.7)') ' change data file to set dtnew, s =',dt
write(*,'(a)') ' and rerun = t

write(3,'(a)') ' check for stability criteria found a violation.'
write(3,'(a)') ' analysis must be rerun with a smaller dt.'
write(3, '(a,1plel5.7)"') ' change data file to set dtnew, s =',dt
write(3,’(Ca)') ' and rerun = t

stop
end if

I write out maximum and minimum heads and h-values.

write(3,'(a/)"') ' extreme values:' _
write(3,'(a/) ') 'x max_p_h time min_p_h time'

do i=1,npipes )
write(3,'(a,i3)") ' pipe =',1

k=npar(i)+1

do =1,k
%_h_max=hhigh(i,j)—(pipe_z(i)+x(i,j)*1(1)*sine(j))
p_h_min= hlow(i,j)-(pipe_z(i)+x(i,])*1(i)*sine(i))

write(3, ' (1p5e15.7)") )
x(1,3),p_h_max,thigh(i,j),p_h_min,tTow(i,j)
end do
end do

write(3,*)
write(3,'(a/)"') 'x hhigh hlow'

do i=1,npipes _
write(3,'(a,i3)') ' pipe =",1

k=npar(i)+1
do j=1,k

write(3, '(1p3e15.7) ") x(i,3j),hhigh(i,j),hlow(i,])
end do



end do

pmax=phmax*rho_wat*g
pmin=phmin*rho_wat*g

write(3, '(a,1lplel5.7)') ' phmax =',phmax
write(3, '(a,1lplel5.7)') ' pmax =',pmax
write(3,*)

write(3, '(a,1plel5.7)') ' phmin =',phmin
write(3,'(a,1lplel5.7)") in =',pmin
write(3,'(a,i5)"') ' in pipe =',ipmin
write(3,'(a,1lplel5.7)") at x =',xmin
write(3,'(a,1lplel5.7)")

| generate external data file for plotting.

open(9,file="pipe_el.dat"')
open(10,file="hstead.dat")
open(ll,file="hlow.dat"')
open(12,file="hhigh.dat")

write(9,'(a)') ' variables = xloc, pipe_el’
write(10,'(a)"') ' variables xloc, hstead'
write(1l,'(a)') ' variables xloc, hlow'

write(12,'(a)"') ' variables xloc, hhigh'

i nn

xbase=0.0

do 1i=1,npipes
k=npar(i)+1

do j=1,k
pipe_el=pipe_z(i)+x(,j)*1()*sine(i)

write(9, '(1p2el5.7) ") xloc,pipe_el

write(10, '(1p2el5.7) ') xloc,hstead(i,j)

write(ll, '(1p2el5.7) ") xloc,hlow(i,j)

dwgite(lZ,'(lp2e15.7)') xloc,hhigh(i,j)
en 0

xbase=xbase+1(i)
end do

stop
end



program cavity
!

| easdededededededededede e feded e hdeddededededededededede ek heddededededededededededededededede e de e dededede dede dede Qe de e de e e e e

real x[allocatable](:,:),vl[allocatable](:,:),vr[allocatable](:,:), &
h[allocatable](:,:),head[alTlocatable](:,:),hhigh[allocatable](:,:), &
hlow[allocatable]l(:,:),vnewl[allocatable]l(:,:), &
vhewr[allocatable](:,:),hnew[allocatable]l (:,:), &
hstead[allocatable](:,:),thigh[allocatable](:,:), &
tlow[allocatable](:,:),cav[allocatable](:,:),hcav[allocatable](:,:), &

cavmax[allocatable](:,:),tcav[allocatable](:,:),p_h[allocatable](:,:)

real 1[allocatable](:),d[allocatable](:),alallocatable](:), &
pipez[allocatable] (:),f[allocatable](:),vzero[allocatable](:), &
clallocatable](:),ak[allocatable](:),sine[allocatable](:), &
arealallocatable] (:),deltt[allocatable](:),ratio[allocatable](:),&
ctzero[allocatable]l(:), pipe_z[allocatable](:),&
dtt[allocatable](:),ds[allocatable] (:)
integer airvac[allocatable](:),npar[allocatable](:)

logical bubble[allocatable](:)

dimension ip1(5),jp1(5)
dimension ki(11),pct(11)

character vacyes*3,vacno*3,av*3
real la,ki,kli
logical fail,rerun

data rerun/.false./

namelist/specs/iprint,iplot,npipes,nparts,qzero,hresup,hsump,zend,hatm,g

3



rho_wat, tmax,dtnew,tclose,topen,vfinal,tcl,pcopl,tc2,ivalve,aprime, &

bpr1me cprime,ipump_bf,em,taui,tauf,rerun,ki,pct,ibl,ibr,ipl,jpl

read(2,specs)
np=npipes

a;1o§ate(1(np),d(np),a(np),pipeZ(np),f(np),vzer0(np),npar(np),C(np),ak(n
p),
sine(np),area(np),deltt(np),ratio(np),airvac(np),bubble(np), &
ctzero(np),pipe_z(np),dtt(np),ds(np))

read(2,*) (d(1),1(1),f(1),a(i),pipe_z(i),airvac(i),i=1,npipes)

vacyes='yes'
vacnho="' no'

dtn=1.0e6
pi=3.141592654
t=0.0
fail=.false.

do i=1,npipes
area(i)=pi*d(i)**2/4.0
c(id=g/a(i)
if (i.ne.npipes) sine(i)=(pipe_z(i+1)-pipe_z(i))/1(i)
if (i.eq.npipes) sine(i)= (zend- pipe_z(i))/1(i)
dtt(i)=1)/(nparts*(2*vzero(i)+a(i)))

end do
I compute minimum dt.

dt=dtt (1)
kmin=1

do i=2,npipes
if (dtt(i).le.dt) then
dt=dtt (i)
kmin=i
end if
end do

if (rerun) dt=dtnew
nparr=1

do i=1,npipes
if (1 eg.kmin) then
npar (i)=nparts
else
anpar=1(i)/(dt*(vzer npar (i)=anpar
test=npar(i)
if (abs(test+l-anpar).1t.0.0001) npar(i)=npar(i)+1
end if

if (npar(i).gt.nparr) nparr=npar(i)
end do



iz=nparr+l
1zz=1z+1

y

é11ocate(x(np,1z),v(np,iz),h(np,iz),h1ow(np,1z),hhigh(np,iz),p_h(np,izz)
&

Vnew(np,iz),hnew(np,iz),thigh(np,iz),t1ow(np,1z),hstead(np,iz))

allocate(x(np,iz),h(np,iz),hlow(np,iz),hhigh(np,iz),head(np,izz), &
hnew(np,iz),hstead(np,iz),vl(np,iz),vr(np,iz),vnewl(np,iz)

do 1i=1,npipes
k=npar(i)+1
p_h(i,k+1)=0.0
end do

! write out input data.

write(3,'(a/)"') ' input data:'

write(3,'(a,i4)') ' dprint =’ iprint

write(3,'(a,i2)') " iplot =",iplot

write(3,'(a,i2)") ' nparts =',nparts

write(3,'(a,i2)") ' npipes =',npipes
write(3,'(a,1plel5.7)') ' qgzero =',gzero

write(3, '(a,1plel5.7)') ' hresup =',hresup
write(3,'(a,1plel5.7)") ' hsump =',hsump
write(3,'(a,1plel5.7)') ' zend =',zend
write(3,'(a,1plel5.7)') ' hatm =',hatm
write(3,'(a,1lplel5.7)"') ' =',
write(3,'(a,1plel5.7)"') ' rho_wat =',rho_wat

write(3, '(a,1plel5.7) ") ' tmax =',tmax
write(3,'(a,1plel5.7)') ' dt =',dt
write(3,'(a,1plel5.7)') ' tclose =',tclose
write(3,'(a,1plel5.7) ") ' vfinal =',vfinal

write(3, '(a,1plel5.7)') ' tcl =',tcl
write(3,'(a,1plel5.7)') ' pcopl, percent open =',pcopl
write(3,'(a,1lplel5.7/)") ' tc2, time valve is completely closed =",tc2
write(3,'(a,i3/)") ' valve 1is at downstream end of pipe =',ivalve
write(3, '(a,1plel5.7)') ' aprime =',aprime

write(3, '(a,1plel5.7)') ' bprime =',bprime

write(3, '(a,1plel5.7)') ' cprime =',cprime
write(3,'(a,1plel5.7)"') ' em =',em ]

write(3, '(a,1lplel5.7)') ' taui =',taui
write(3,'(a,1lplel5.7)') ' tauf =',tauf
write(3,'(a,i2)') ' ibl =',ibl

write(3,'(a,i2)"') " ibr =',ibr

write(3,'(a/)") '
write(3,'(a/)"') '% open

valve loss coefficients:'

1.0/k1"

write(3, '(1p2el5.7) ") (pct(i), ki(i),i=1,11)

write(3,*)

write(3,'(a/)")

write(3,'(a/)") ' pipe

do i=1,npipes

' pipe input data:’

d

1 wave_spd pipe_z f V'

write(3,'(i3,1p6el5.7)") i,d(i),1(i),a),pipe_z(i),f(i),vzero(i)

end do



write(3,*)

write(3,'(a,5i3)") ' 1ipl, plot pipes
Y,ipl(1),ipl1(2),ipl(3),1ip1(4),ip1(5)
write(3,'(a,5i3)") ' jpl, plot nodes
Lipl1 (L), 3p1(2),3p1(3),3p1(4),3p1(5)

write(3,*)
write(3,'(a/)') ' pipe dt parts sine 1/a interpolation'

do i=1,npipes

av=vacno
if (airvac(i).ge.1l) av=vacyes

Ta=1()/a@)
aint=1.0-dt*npar(i)/la

! write(3,'(i3,1plel5.7,i3,1p3el15.7,)")
i,dtt(i),npar(i),sine(i),la,aint

write(3,'(i3,1plel5.7,i3,1p3el5.7,a)"') i,dtt(i),npar(i),sine(i),la, &
aint,av

end do

I write(3,'(a,1plel5.7)') " delta_t, s =',dt

I set up conditions for steady state (t=0).

apump=aprime*area(1)**2
bpump=bprime*area(1)

cpump=cprime

if (ibl.eq.4) cpump=cpump+hsump
hpump=_(apump*vzero(1)+bpump) *vzero (1) +cpump

h(1,1)=hresup
if (ibl.eq.4) h(1,1)=hpump
' v(1,1)=vzero(l)

v1(1,1)=100000.0
vhnewl (1,1)=v1(1,1)
vr(1,1)=vzero(l)

do i=1,npipes
del1=1()/npar(i)
! ak(i)=f(i)*delt/(2.0*d(i))
ak(i)=f()*dt/(2.0*d(i))

ds(i)=10)/npar(i)
deThf=f(i)*dell*vzero(i)**2/(2.0%g*d(i))

k=npar(i)+1

x(i,1)=0.0
p_h(i,D=h(i,1)-pipe_z(i)
hcav(i,1)=pipe_z(i)-hatm
ratio(i)=dt/dell



cav(i,1)=0.0
cavmax(i,1)=0.0
tlow(i,1)=0.0
thigh(i,1)=0.0
tcav(i,1)=0.0
bubble(i)=.false.

do j=2,k
x(i,3)= (J 1)*de11/1()
p_h(i,3)= h(i,3)-(pipe_z(i)+x(i,3)*1()*sine(i))
hcav(1 j)=pipe_z({d)+x(i,j)*1 () *sine(i)-hatm
cav(i, J) 0.0
cavmax(1 j)=0.0
thigh(i,j)=0.0
tcav(i,j)=0.0
vli(i,j)=vzero(i)
vr(i,J)=vzero(i)

if (j.eq.k) then
vr(i,j)=100000.0
vnewr(i,j)=vr(i,J)
end if
end do

if (i.ne.npipes) then
h(1+1 L=h{,k
(1 eg. 1va1ve)
h(i+l,1)= h(1 k)-1.0/ki(11)*vzero(i+1)**2/(2.0%g)

vr(i+1,1)=vzero(i+1l)
v1(i+1,1)=100000.0
vnewl (i+1,1)=v1(i+1,1)

end if
end do
do i=1,npipes
if (airvac(i).ge.l) hcav(i,l)=pipe_z(i)
if (i.gt.1) kk=npar(i-1)+1
if (i.gt.1 .and. airvac(i).ge.l) hcav(i-1,kk)=pipe_z(i)
k=npar(i)+1
do j=1,k
hstead(i,j)=h(1,j)
end do
end do

k=npar(npipes)+1

if (ibr.eq.2) hdown=h(npipes,k)
if (ibr.eq.3) hdown=h(npipes,k)
if (ibr.eq.4) hdown=h(npipes,k)
if (ibr.eq.7) hdown=h(npipes,k)



phmax=-100.0
phmin=100000.0
ii=1

write(3,*)
write(3,'(a,1plel5.7)') ' time =',t
write(3,*)

'owrite(3,'Ca/)') ' x p-h h v

write(3,'(a/)') " x p.h h vl vr cav_vol'
do i=1,npipes
k=npar(i)+1
write(3,'(a,i4)') ' pipe =',1
! write(3, '(1p4el5.7)") (x(i,3),p-h(i,3),h(i,3),v(i,3),7=1,k)

write(3, ' (1p6el5.7)") )
(x(i,j),p_h(i,a%,h(i,j),v1(i,j),vr(i,j),cav(1,j), &

j=1,
end do
write(7,'(1p6el5.7)") t, h(ipl1(1),jpl(1)), h(Gipl(2),ip1(2)), &
h(ip1(3),3p1(3)), h(CGpl(4,jpl4)), h(ipl(5),ipl(5))
write(8,'(1p6el5.7)") t, v1i(ipl(1),jpl1(1)), vi(ipl(2),jpl ), &
vi@Gipl(3),jpl1(3)), viGpl(4),jpl4)), vi(ipl(5),jpl

(

(5

write(9,'(1p6el5.7)') t, vr(ipl(1),jpl1(1)), vr(ipl(2),ipl(
vr(ip1(3),ip1@3)), vrGpl(4),jpl(4)), vrGpl(5),jpl(5

write(10, '(1p6el5.7)") t, cav(@pl(1),jpl1(1)), cav(@ipl(2),]
cav(ip1(3),jp1(3)), cav(ipl(4),jpl(4)), cav(ipl(5),Jjp

index=tmax/dt+1

do ii=1,index
t=t+dt

! compute h and v at interior nodes

do i=1,npipes
k=npar(i)

do j=2,k
ra=ratio(i)*a(i)
vleft=v1(i,j)-ra*(v1(i,j)-vr(i,j-1))
vrite=vr(i,j)-ra*(vr(i,J)-v1(i,j+1))
hleft=h(i,j)-ra*Ch(i,j)-h(G,3-1))
hrite=h(i,3)-ra*Ch(i,j)-h(,3+1D))



if (cav(i,j).gt.0.0) then
cl=vieft+c(i)*hleft-ak(i)*vleft*abs(vleft) &
+cCi)*dt*vleft*sine(i)
vnewl (i,j)=cl-c(i)*hcav(i,j)
vhewr (i,j)=c3+c(i)*hcav(i,j)
hnew(i,j)=hcav(i,j)
cav(i,j)=Cvnewr(i,j)-vnewl (i,j))*dt*area(i)+cav(i,j)

if (cav(i,j).1e.0.0) then
deTtah=abs(0.5*a(i)*(vnewr(i,j)-vnewl(i,j))/q9)
hnew(i,j)=hcav(i,j)+deltah
vnewl(i,3)=0.5*Cvnewl (i, j)+vnewr(i,j))
vnewr(i,J)=vhewl(i,j)
cav(i,j)=0.0
end if
else
vhewl (G,3)=0.5*(vleft+vrite+c(i)*(hleft-hrite) &
+c(i)*dt*sine(i)*(vieft-vrite) &
) -ak(i)*(vlieft*abs(vieft)+vrite*abs(vrite)))
hnew(i,j)=0.5*Chleft+hrite+(vleft-vrite)/c(i) &
-ak(i)/cG)*(vieft*abs(vieft)-vrite*abs(vrite)))

vhewr(i,j)=vnewl(i,Jj)

if (hnew(i,j).1t.hcav(1,a)) then

cl=vieft+c(i)*hleft-ak(i)*vleft*abs(vieft) &
+c(i)*dt*vieft*sine(i)

c3=vrite-c(i)*hrite-ak(i)*vrite*abs(vrite) &
-c(i)*dt*vrite*sine(i)

vnewl(i,j)=cl-c(i)*hcav(i,j)

vhewr(i,j)=c3+c(i)*hcav(i,j)

hnew(i,j)=hcav(i,j)

cav(i,j)=Cvnewr(i,j)-vnewl (i, j))*dt*area(i)+cav(i,j)

if (cav(i,j).1e.0.0) then
hnew(i,j)=hcav(i,j)+deltah
vnewl(i,3)=0.5*Cvnewl(i,j)+vnewr(i,j))
vhewr(i,3)=vnewl(i,J)
cav(i,j)=0.0

end if

end 1if
end if
end do
end do

kk=npipes-1

do 3 1=1,kk
k=npar(i)+1
vieft=vl1(i,k)-ratio(i)*aG)*v1(,k)-vr(i,k-1))
hleft=h(i,k)~-ratio(i)*a(i)*Ch{i,k)-h{,k-1))
vrite=vr(i1+1,1)-ratioi+L)*aGi+1D)*(vr(i+1,1)-v1(i+1,2))
hrite=sh(i+1,1)-ratio(i+1)*a(i+1)*Ch(i+1,1)-h(+1,2))
cc=vrite-c(i+1)*hrite~-c(i+1l)*dt*vrite*sine(i+1l) &

-ak(i+D) *vrite*abs(vrite)

if (cav(i,k).l1e.0.0) then
hnew(i,k)=(-cc*area(i+l)+ccc*area(i)) &
/(cGi+D)*area(i+1)+c(i)*area(i))

if Chnew(i,k).ge.hcav(i,k)) then
hnew(i+1,1)=hnew(i, k)
vhewl (i,k)=ccc-c(i)*hnew(i, k)
vhewr(i+1, 1)=cc+c(i+1)*hnew(i+1,1)



end if
end if

if (cav(i,k).Te.0.0 .and. hnew(i,k).ge.hcav(i,k)) goto 3

vhewl (i,k)=ccc-c(i)*hcav(i,k)
vhewr (i+1,1)=cc+c(i+1)*hcav(i+1l,1)
delcav=dt*(vnewr(i+1l,1)*area(i+1)-vnewl (i,k)*area(i))

if (delcav.le.0.0 .and. airvac(i+l).eq.2 .and. &
hcav(i,k).le.pipe_z(i+1l) .and. delcav.1t.0.0) then
ctzero(i+1l)=cav(i, k)
diff(ctzero(i+l).ge.S.O*area(i+1)) bubble(i+1)=.true.
end i

cav(i,k)=cav(i,k)+delcav
cav(i+l,)=cav(i, k)

if (.not.bubble(i+1)) goto 5

hcav(i,k)=pipe_z(i+1)-hatm+hatm*(ctzero(i+1)/cav(i,k))**1.2
if (hcav(i,k).Tt.pipe_z(i+1l)) bubble(i+1)=.false.

if (hcav(i,k).1t.pipe_z(i+1)) hcav(i,k)=pipe_z(i+1)
hcav(i+1l,1)=hcav(i,k)

if (bubble(i+1)) goto 3

5 if (cav(i,k).1e.0.0) then
delh2=abs((0.5*a(i+1) /g)*((area(i)/area(i+1))*vnewl (i,k) &
-vnewr(i+1,1)))
hnew(i,k)=hcav(i,k)+delh2*2.0*area(i+1l)*a(i) &
vhnewl (1,k)=vnewl (i,k)-g/a(i)*Chnew(i,k)-hcav(i,k))
vhewr (i+1,1)=vnewl (i,k)*area(i)/area(i+l)

cav(i,k)=0.0
cav(i+1,1)=0.0
end if
'3 continue

|

! internal boundary condition for a gate valve closing at two separate
rates.

|

if (i.eq.ivalve) then
if (t.1t.tc2) then
if (t.gt.tcl) then
open=pcopl*(tc2-t)/(tc2-tcl)

else
open=100.0-(100.0-pcopl)*t/tcl

end if

do j=1,10

itest=Copen-pct(j))*0.10

if (itest.eq.0) exit
end do

fact=Copen-pct(j))*0.10
kTi=ki(G)+fact*(ki(G+D)-ki(3))

€5=2.0%g*(1.0/c(i)+1.0/c(i+1))
! c6=2.0%g*(cl/c(i)+cr/c(i+1))
€6=2.0%g*(ccc/c(i)+cc/c(i+1))



if (c6.1t.0.0) then
! vhew(i+1,1)=k1i*(c5-sqrt(c5**2-4.0%c6/k11))/2.0

vhewr(i+1,1)=k1i*(c5-sqrt(c5**2-4.0%c6/k1i))/2.0

else
! vhew(i+1,1)=kTi*(-c5+sqrt(c5**2+4.0%c6/k11))/2.0

vhewr(i+1,1)=kTi*(~c5+sqrt(c5%*2+4.0%c6/k11))/2.0

end if
else
vnew(i+1,1)=0.0
vnewr(i+1,1)=0.0

end if
vhew] (i,k)=vnewr(i+1,1)
hnew(i,k)=(ccc-vnewl (i,k))/c(i)

! hnew(i+1,1)=(vnewr(i+1,1)-cr)/c(i+l)
hnew(i+1,1)=(vnewr(i+1,1)-cc)/c(i+1)

else

hnew(1,1)=Cvnewr(1l,1)-cl)*a(1l)/g

end if
!
! compute h and v at downstream end (for a gate valve closing at two
separate

! rates and flowing into a reservoir).
!
if (ibr.eq.1) then
nv=npar(npipes)+1
nvml=npar (npipes)
if (t.gt.tclose) then

vnewl (npipes,nv)=vfinal

else

vnewl(npipes,nv)=vzero(npipes)-(vzero(npipes)-vfinal)*t/tclose

end if

hnew(npipes,nv)=h(npipes,nvml)+(vr(npipes,nvml)-vnewl(npipes,nv) &



~-f(npipes)*dt/(2.0*d(npipes)) &
*vr(npipes,nvml)*abs(vr(npipes,nvml)))*a(npipes)/g

end if

if (ibr.eq.2) then
nv=npar(npipes)+1
nvml=npar(npipes)

cp=vr(npipes,nvml)+c(npipes)*h(npipes,nvml) &
-f(npipes)*dt/2.0/d(npipes)*vr(npipes,nvml)*abs(vr(npipes,nvml))

if (t.le.tclose) then
!

! closing valve from vzero to 0 at downstream end of pipe.
!

tau=taui+(tauf-taui)*(t/tclose)**em
cv=tau**2*vzero(npipes)**2/c(npipes)/hdown
! vhew(npipes,nv)=(-cv+sqrt(cv**2+4,.0%cp*cv)) /2.0
vnewl (npipes,nv)=(-cv+sqrt(cv**2+4.0%cp*cv)) /2.0
! hnew(npipes,nv)=(cp-vnew(npipes,nv))/c(npipes)
hnew(npipes,nv)=_(cp-vnewl (npipes,nv))/c(npipes)

else
vhewl (npipes,nv)=0.0
hnew(npipes,nv)=cp/c(npipes)
end if
end if
! opening valve from 0 to vfinal at downstream end of pipe: ibr=3
!
if (ibr.eq.3) then
if (t.le.topen) then
tau=(t/topen) **em
else
tau=1.0
end if

nv=npar(npipes)+1
nvml=npar (npipes)

cp=vr(npipes,nvml)+c(npipes)*h(npipes,nvml) &

-f(npipes)*dt/2.0/d(npipes)*vr(npipes,nvml)*abs(vr(npipes,nvml))

cv=tau**2*vfinal**2/c(npipes)/hdown
vnewl (npipes,nv)=(-cv+sqrt(cv**2+4.0%cp*cv)) /2.0

hnew(npipes,nv)=(cp-vnewl (npipes,nv))/c(npipes)

end if



if (ibr.eq.4) then
nv=npar{npipes)+1
nvml=npar (npipes)

X;§ft=v1(npipes,nv)-a(npipes)*dt/ds(npipes)*(v1(npipes,nv)-v](npipes,nvm

hleft=h(npipes,nv)-a(npipes)*dt/ds(npipes)* (h(np1pes nv)-h(npipes,nvml))
c1=v1eft+c(np1pes)‘h1eft+c(np1pes) “vieft*dt* s1ne(np1pes) &
-f(npipes)*dt/(2.0%*d(npipes))*vieft*abs(vieft)

if (t.1t.tc2) then
if (t.gt.tcl) then
open=pcopl*(tc2-t)/(tc2-tcl)
else
open=100.0-(100.0-pcopl)*t/tcl
end if
|

! interpolate linearly to find 1/k1 for valve loss coefficient in 11

data.
!

do i=1,10
itest=(open-pct(i))*0.10

if (itest.eq.0) exit
end do

fact=(open-pct(i))*0.10
k1i=ki(i)+fact*(ki(i+1)-ki(i))

c5=2.0*g/c(npipes)
c6=2.0%g*(hdown-cl/c(npipes))

if (c6.9t.0.0) then
vnewl (npipes,nv)=k1i*(c5-sqrt(c5%*2+4.0%c6/k1i))/2.0
end if

else
! vhew(npipes,nv)=0.0

vhew] (npipes,nv)=0.0
end if

! hnew(npipes,nv)=(cl-vnew(npipes,nv))/c(npipes)

hnew(npipes,nv)=(c1-vnewl (npipes,nv))/c(npipes)
end if

if (ibr.eq.6) then
hv=npar(npipes)+1
nvml=npar(npipes)

! vhew(npipes,nv)=0.0
vnew1(np1pes nv)=0.0
hnew(npipes,nv)= h(np1pes nvml)+(vr(npipes,nvml) &
-f(npipes)* dt/(2 0* d(np1pes)) &



*vr(npipes,nvml)*abs(vr(npipes,nvml)))*a(npipes)/g
end if
I compute h and v at downstream end (for a constant head reservoir).

if (ibr.eq.7) then
nv=npar(npipes)+1
nvml=npar(npipes)
! hnew(npipes,nv)=hdown
! vnew(npipes,nv)=c1—c(npipes)*hnew(npipes,nv)

{;sft=v1(npipes,nv)—a(npipes)*dt/ds(npipes)*(v1(npipes,nv)-vr(npipes,nvm

hleft=h(npipes,nv)-al(npipes)*dt/ds(npipes)*(h(npipes,nv)-h(npipes,nvml))

cl=vieft+c(npipes)*hleft+c(npipes)*vieft*dt*sine(npipes) &
-f(npipes)*dt/(2.0*d(npipes))*vleft*abs(vleft)

hnew(npipes,nv)=hdown
vnewl (npipes,nv)=cl-c(npipes)*hnew(npipes,nv)

end if
c3=vr(npipes,nvml)+g/a(npipes)“h(npipes,nvml) &

-f(npipes)*dt/(2.0*d(npipes))*vr(npipes,nvml)*abs(vr(npipes,nvml))
c5=(bpump+a(npipes)/g)/apump
c6=(cpump-c3*a(npipes)/g)/apump

vnewl (npipes,nv)=(-c5+sqrt(c5**2-4.0%c6)) /2.0

if (j.ne.l) then
dtx=1(1)/(npar(i)*(abs(vnewl (i, j))+a(i)))
diff(dtx.1t.dtn) dtn=dtx
end 1

if (j.ne.k) then
dtx=1(01)/(npar(i)*(abs(vnewr(i,j))+a(i)))
if (dtx.1t.dtn) dtn=dtx

p_h(i,j)=hnew(i,j)-(pipe_z()+x(i,3)*1()*sine(i))

if (p_h(i,j).1t.phmax) then
it (p_ h(1 j).le.phmin) then
ipmin=1
xmin=x(i,j)
phmin=p_h(i,3j)
ttmin=t
end if
else
ipmax=i
xmax=x(i,j)
phmax=p_h(i,j)
ttmax=t
end if

if (p_h(i,j).le.-hatm) then



write(3,'(a,1plel5.7)') ' column separat1on occurred at',t

write(3,'(a,i2,a,1pel5.7)') ' sec in pipe’ ! @, J)
! fail=.true.
end if
end do
end do

if (fail) exit
!

! prepare for next time step computation.
|

do i=1,npipes
k=npar(i)+1

do j=1,k
vi(i,j)=vnewl (i,
vr(i,j)=vnewr(i,J])
h(i,3)=hnew(i,J)
end do
end do

if (mod(ii,iprint).eqg.0) then
write(3,%)
write(3,'(a,1plel5.7)"') ' time =',t
write(3,*)
write(3,'(a/)') " x p_h h v'

do i=1,npipes
k=npar(i)+1

write(3,'(a,i4)") ' p] ipe =',1
! write(3,'(1p4el5.7)") (x(i, J) p_h(i,3),h(G,3),v(E,3),3=1,K)

write(3,'(1p6el5.7)")

(x({,3),p-h(,3),h(1,3),v10G, ), &
vr(i,J),cav(i,j),j=1,k)

end do
end if

if (mod(ii,iplot).eq.0) then

ite(4,'(1p6el5.7)') t, p_h(ipl(Ll),jpl(1)), & )
2 o ep~h(ip$(2),jp1(2)), p_h(ip1(3),3p1(3)), p_h(ipl1(4),ipl1(4)),
p_hCip1(5),jpl1(5))
write(7,'(1p6el5.7)") t, h(ip1(1),ip1(1)), h(ipl(2),ip1(2)), &
h(Gip1(3),3p1(3)), hGpl(4),jpl(4)), hGpl(5),ip1(5))
write(8,'(1p6el5.7)") t, v1(ip1(1),jp1(1)), vi(ipl(2),jpl(2)), &
vi@Gipl(@3),3ip1@3)), v1iGpld4),iplc4)), vidipl(5),ip1(5))
write(9, ' (1p6el5.7)") t, vr(1q1(l) ,Jp1(1)), vr(ipl(2),ip1(2)), &
vr(ipT(3),3p1(3)), vrGpl (4, 3p1(4)), vrGpl(5,3p1())

write(10, ' (1p6el5.7) ') t, cav(@pl(1),jp1(1)),



cav(ip1(2),ip1(2)), &
cav(ipl1(3),jpl(3)), cav(ipl(4),ip1(4)), cav(ipl(5),jp1(5))

! check stability criteria.
|
if (dtn.1t.0.9999*dt) then
dt=0.999*dtn

write(*,'(a)') ' the check for stability criteria has found a
violation.'

write(*,'(a)') ' the analysis must be rerun with a smaller dt.

write(*, '(a,1lplel5.7)') ' change data file to set dtnew =',dt

write(*,'(a)') ' and rerun = .true.'

write(3,'(a)') ' the check for stability criteria has found a
violation.'

write(3,'(a)') ' the analysis must be rerun with a smaller dt.

write(3, '(a,1plel5.7)') ' change data file to set dtnew =', dt

write(3,'(a)') ' and rerun = .true.'

stop
end if
|
! write out maximum and minimum pressure heads and h-values.
!
write(3,'(/a/)') ' extreme values:' ) ]
Powrite(3,'(a/) ') " x p_h_max time p_h_min time'

write(3,"'(a/)') & ] ] ) ) _
" x max_head time min_head time max_h min_h cavmax time'

do i=1,npipes
write(3,'(a,i2)') ' pipe =',i

k=npar(i)+1
do j=1,k . .
p_h_max=hhigh(i,j)-(pipe_z(i)+x(i,j)*1(i)*sine(i))
p_h_min= hlow(i,3)-(pipe_z(i)+x(i,1)*1 () *sine(i))
end do

write(3,*)
I write(3,'@/)') ' x hhigh hlow'

' do i=1,npipes ) )
! write(3,'(a,i2)') ' pipe ='",1

! k=npar(i)+1

| do =1,k e o
! write(3, '(1p3el5.7)") x(i,j),hhigh(i,j),hlow(i,J)
! end do

' end do

write(3,*)



pmax=phmax*rho_wat¥*g
pmin=phmin*rho_wat*g

at time =',ttmax

write(3,*)

write(3,'(a,1plel5.7)") ' phmin =' phmin

write(3, '(a,1plel5.7,a,i2)"') ' pmin =",pmin,' 1in pipe =',ipmin
write(3, '(2(a,1plel5.7))') ' at x =",xmin,' at time =',ttmin

write(3, %)
! generate external data file for plotting.

open(7,file="'pipe_el.dat')
open(8,file="hstead.dat"')
open(9,file="hlow.dat"')
open(10,file="hhigh.dat')

write(7,'(Ca)') ' variables xloc, pipe_el’
write(8,'(a)') ' variables xloc, hstead'
write(9,'(a)') ' variables xloc, hlow'

write(10,'(a)') ' variables = xloc, hhigh'

xbase=0.0

do i=1,npipes
k=npar(i)+1

do j=1,k } .
pipe_el=pipe_z(i)+x(i,j)*1(iI)*sine(i)
xToc=xbase+1(i)*x(i,7)

write(7,'(1p2el5.7)") xloc,pipe_el

write(9, '(1p2el5.7) ") xToc,hlow(i,j)

dwgite(lo,'(lp2e15.7)') xloc,hhigh(i,j)
end do

xbase=xbase+1(i)
end do

stop
end



Abstract

Water hammer is one of the basic problems in various hydraulic fields. In this study we try to
analyze this phenomenon by means of numerical methods, qualitative and quantitative. Since
analyzing of all the transients processes needs the determined initial conditions, so mn the
beginning of steady state situation will be discussed briefly. Wave speed in the pipeline as on
of thc most unportant cases which determine the manner of the transient flow, computed fo
different situation. Water hammer solution is applied to simple reservoir —pipe-valve system
and developed for series pipes and other complex systems include multi junctions pipes.
Auxiliary equipments like pumps, valves, surge tanks and air chambers will be added to the
svstem and modeling method and their effect on transients flow and transient controlling will

be explained. Method of characteristics applies to computer codes because of its compatibility.

Key words: unsteady flow, water hammer, method of characteristics



