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Basic equations of transientsBasic equations of transients
The flow and pressures in a water The flow and pressures in a water 
distribution system do not remain constant distribution system do not remain constant 
but fluctuate throughout the daybut fluctuate throughout the day

Two time scales on which these fluctuations Two time scales on which these fluctuations 
occuroccur

1. daily cycles1. daily cycles
2. transient fluctuations2. transient fluctuations



Basic equations of transientsBasic equations of transients
Continuity equation: applying the law of Continuity equation: applying the law of 
conservation of mass to the control volume (xconservation of mass to the control volume (x11
and xand x22))

By dividing throughout by By dividing throughout by x as it approach zero, x as it approach zero, 
the above equation can be written as the above equation can be written as 

Expanding and rearranging various terms, using Expanding and rearranging various terms, using 
expressions for total derivatives, we obtainexpressions for total derivatives, we obtain
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Basic equations of transientsBasic equations of transients
Now we define the bulk modulus of elasticity, K, of Now we define the bulk modulus of elasticity, K, of 
a fluid asa fluid as

This can be written asThis can be written as

Area of  pipe,          , where R is the radius of the Area of  pipe,          , where R is the radius of the 
pipe. Hence                    . In terms of strain this pipe. Hence                    . In terms of strain this 
may be written asmay be written as

Now using hoop stress, we obtain Now using hoop stress, we obtain 
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Basic equations of transientsBasic equations of transients
Following the above equations one can write,Following the above equations one can write,

Substituting these equations into continuity equation and Substituting these equations into continuity equation and 
simplifying the equation yieldssimplifying the equation yields

Let us define                     , where a is wave speedLet us define                     , where a is wave speed
with which pressure waves travel back and forth.with which pressure waves travel back and forth.

Substituting this expression we get the following continuity Substituting this expression we get the following continuity 
equationequation
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Method of characteristicsMethod of characteristics
The dynamic and continuity equations for flow through a The dynamic and continuity equations for flow through a 
pipe line is given by pipe line is given by 

Where Q=discharge through the pipe Where Q=discharge through the pipe 
H=H=piezometricpiezometric headhead
A=area of the pipeA=area of the pipe
g=acceleration due to gravityg=acceleration due to gravity
a=velocity of the wavea=velocity of the wave
D=diameter of the pipeD=diameter of the pipe
x=distance along the pipex=distance along the pipe
t=timet=time
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Method of characteristicsMethod of characteristics
These equations can be written in terms of velocityThese equations can be written in terms of velocity

Where,
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Method of characteristicsMethod of characteristics
Where k=bulk modulus of elasticityWhere k=bulk modulus of elasticity

=density of fluid=density of fluid
E=YoungE=Young’’s modulus of elasticity ofs modulus of elasticity of
the materialthe material

Taking a linear combination of L1 and Taking a linear combination of L1 and L2,L2,
leads to leads to 

AssumeAssume H=H(x,t);Q=Q(x,t)
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Method of characteristicsMethod of characteristics
Writing total derivatives ,Writing total derivatives ,

Defining the unknown multiplier Defining the unknown multiplier asas

Finally we getFinally we get

The above two equations are called characteristic The above two equations are called characteristic 
equations and 2equations and 2ndnd among them is condition along the among them is condition along the 
characteristics
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Method of characteristicsMethod of characteristics
FigureFigure……

Constant head reservoir at Constant head reservoir at x=0x=0, at , at x=Lx=L, valve is , valve is 
instantaneously closed. Pressure wave travels in the instantaneously closed. Pressure wave travels in the 
upstream direction.
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Complex boundary conditionComplex boundary condition
We may develop the boundary conditions by We may develop the boundary conditions by 
solving the positive or negative characteristic solving the positive or negative characteristic 
equations simultaneous with the condition imposed equations simultaneous with the condition imposed 
by the boundary.by the boundary.

This condition may be in the form of specifying This condition may be in the form of specifying 
head, discharge or a relationship between the head, discharge or a relationship between the 
head and discharge head and discharge 

Example: head is constant in the case of a Example: head is constant in the case of a 
constant level reservoir, flow is always zero at the constant level reservoir, flow is always zero at the 
dead end and the flow through an orifice is related dead end and the flow through an orifice is related 
to the head loss through the orifice.to the head loss through the orifice.



Complex boundary conditionComplex boundary condition
ConstantConstant--level upstream reservoirlevel upstream reservoir

In this case it is assume that the water level in the In this case it is assume that the water level in the 
reservoir or tank remains at the same level reservoir or tank remains at the same level 
independent of the flow conditions in the pipelineindependent of the flow conditions in the pipeline
This is true for the large reservoir volumeThis is true for the large reservoir volume
If the pipe at the upstream end of the pipeline is If the pipe at the upstream end of the pipeline is 
1, then1, then wherewhere is the elevation is the elevation 
of the water level in the reservoir above the of the water level in the reservoir above the 
datum.datum.
At the upstream end, we get the negative At the upstream end, we get the negative 
characteristic equation,characteristic equation,

ruP HH 1,1 ruH
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Complex boundary conditionComplex boundary condition

ConstantConstant--level downstream reservoirlevel downstream reservoir
In this case, the head at the last node of pipe i will In this case, the head at the last node of pipe i will 
always be equal to the height of the water level in always be equal to the height of the water level in 
the tank above the datum, the tank above the datum, HHrdrd::

At the downstream end, we have the positive At the downstream end, we have the positive 
characteristic equation linking the boundary node characteristic equation linking the boundary node 
to the rest of the pipeline. We can write

rdnPi HH 1,

to the rest of the pipeline. We can write

rdanPi HCCpQ 1,



Complex boundary conditionComplex boundary condition

Dead endDead end
At a dead end located at the end of pipe i, the At a dead end located at the end of pipe i, the 
discharge is always zero:discharge is always zero:

At the last node of pipe i, we have the positive At the last node of pipe i, we have the positive 
characteristics equation. We get 
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Complex boundary conditionComplex boundary condition

Downstream valveDownstream valve
In the previous boundaries, either the head or In the previous boundaries, either the head or 
discharge was specified, discharge was specified, 
However for a valve we specify a relationship However for a valve we specify a relationship 
between the head losses through the valve and the between the head losses through the valve and the 
dischargedischarge
Denoting the steadyDenoting the steady--state values by subscript 0, state values by subscript 0, 
the discharge through a valve is given by the the discharge through a valve is given by the 
following equation:following equation:
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Complex boundary conditionComplex boundary condition
WhereWhere
CCdd=coefficient of discharge=coefficient of discharge
AAv0v0=area of the valve opening =area of the valve opening 
HH00=the drop in head =the drop in head 
QQ00= a discharge = a discharge 

By assuming that a similar relationship is valid for By assuming that a similar relationship is valid for 
the transient state conditions, we getthe transient state conditions, we get

Where subscript P denotes values of Q and H at Where subscript P denotes values of Q and H at 
the end of a computational time interval

1,1, 2)( nPiPvdnPi gHACQ

the end of a computational time interval



Complex boundary conditionComplex boundary condition
From the above two equations we can writeFrom the above two equations we can write

Where the effective valve opening is Where the effective valve opening is 

For the last section on pipe i, we have the positive For the last section on pipe i, we have the positive 
characteristic equation
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Complex boundary conditionComplex boundary condition

WhereWhere

Solving for Solving for QQPi,n+1Pi,n+1 and neglecting the negative and neglecting the negative 
sign with the radical term, we get
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Pipe network problemsPipe network problems

The network designing is largely empirical.The network designing is largely empirical.
The main must be laid in every street along which The main must be laid in every street along which 
there are properties requiring a supply.there are properties requiring a supply.
Mains most frequently used for this are 100 or Mains most frequently used for this are 100 or 
150mm diameter150mm diameter
The nodes are points of junction of mains or where The nodes are points of junction of mains or where 
a main changes diameter.a main changes diameter.
The demands along each main have to be The demands along each main have to be 
estimated and are then apportioned to the nodes at estimated and are then apportioned to the nodes at 
each end in a ratio which approximatedeach end in a ratio which approximated



Pipe network problemsPipe network problems

There are a number of limitations and difficulties There are a number of limitations and difficulties 
with respect to computer analysis of network with respect to computer analysis of network 
flows , which are mentioned below:flows , which are mentioned below:

1.1. The limitation with respect to the number of The limitation with respect to the number of 
mains it is economic to analyze means that mains it is economic to analyze means that 
mains of 150 mm diameter and less are usually mains of 150 mm diameter and less are usually 
not included in the analysis of large systems, so not included in the analysis of large systems, so 
their flow capacity is ignoredtheir flow capacity is ignored

2.2. It is excessively time consuming to work out the It is excessively time consuming to work out the 
nodal demands for a large systemnodal demands for a large system



Pipe network problemsPipe network problems
1.1. The nodal demands are estimates and may not represent The nodal demands are estimates and may not represent 

actual demandsactual demands
2.2. Losses, which commonly range from 25% to 35% of the Losses, which commonly range from 25% to 35% of the 

total supply, have to be apportioned to the nodal total supply, have to be apportioned to the nodal 
demands in some arbitrary fashion.demands in some arbitrary fashion.

3.3. No diversification factor can be applied to the peak hourly No diversification factor can be applied to the peak hourly 
demands representing reduced peaking on the larger demands representing reduced peaking on the larger 
mains since the total nodal demands must equal the input mains since the total nodal demands must equal the input 
to the system to the system 

4.4. The friction coefficients have to be estimated. The friction coefficients have to be estimated. 
5.5. No account is taken of the influence of pressure at a node No account is taken of the influence of pressure at a node 

on the demand at that node, I.e under high or low on the demand at that node, I.e under high or low 
pressure the demand is assumed to be constant.pressure the demand is assumed to be constant.



Governing Equation for Network Governing Equation for Network 
AnalysisAnalysis

Every network has to satisfy the following equations:Every network has to satisfy the following equations:
1. Node continuity equations 1. Node continuity equations –– the node continuity the node continuity 

equations state that the algebraic sum of all the equations state that the algebraic sum of all the 
flows entering and leaving a node is zero.flows entering and leaving a node is zero.

Where NJ is the number of nodes, Where NJ is the number of nodes, Q(pQ(p) is the flow in ) is the flow in 
element p (melement p (m33/s),/s), C(jC(j) is the consumption at node j ) is the consumption at node j 
(m(m33/s),           refers to the set of elements /s),           refers to the set of elements 
connected to node j. connected to node j. 
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Network AnalysisNetwork Analysis
2. Energy conservation equations 2. Energy conservation equations –– the energy conservation the energy conservation 

equations state that the energy loss along a path equals equations state that the energy loss along a path equals 
the difference in head at the starting node and end node the difference in head at the starting node and end node 
of the path.of the path.

WhereWhere h(ph(p) is the head loss in element ) is the head loss in element p(mp(m),), s(ls(l) is the ) is the 
starting node of path l, starting node of path l, e(le(l) is the end of path 1, NL is the ) is the end of path 1, NL is the 
number of loops, and NPATH is the  number of paths other number of loops, and NPATH is the  number of paths other 
than loops and         refers to the pipes belonging to path than loops and         refers to the pipes belonging to path 
l. loop is a special case of path, wherein, the starting node l. loop is a special case of path, wherein, the starting node 
and end node are the same, making the head loss around and end node are the same, making the head loss around 
a loop zero, that is, a loop zero, that is, 
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Network AnalysisNetwork Analysis
3. Element characteristics 3. Element characteristics –– the equations defining the the equations defining the 

element characteristics relate the flow through the element element characteristics relate the flow through the element 
to the head loss in the element. For a pipe element, to the head loss in the element. For a pipe element, h(ph(p) is ) is 
given by,given by,

WhereWhere R(pR(p) is the resistance of pipe p and e is the exponent ) is the resistance of pipe p and e is the exponent 
in the head loss equation. If Hazenin the head loss equation. If Hazen--Williams equation is Williams equation is 
used, where e=1.852 used, where e=1.852 

WhereWhere L(pL(p) is the length of pipe ) is the length of pipe p(mp(m),), D(pD(p) is the diameter of ) is the diameter of 
pipepipe p(mp(m), and CHW (p) is the Hazen), and CHW (p) is the Hazen--Williams coefficient Williams coefficient 
for pipe p.for pipe p.
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Network AnalysisNetwork Analysis
For a pump element, For a pump element, h(ph(p) is negative as head is gained in the ) is negative as head is gained in the 

element. The characteristics of the pump element are defined element. The characteristics of the pump element are defined 
by the headby the head--discharge relation of the pump. This relationship discharge relation of the pump. This relationship 
may be expressed by a polynomial or in an alternate form. In may be expressed by a polynomial or in an alternate form. In 
this study, the following equation is used. this study, the following equation is used. 

WhereWhere HR(mHR(m) is the rated head of the ) is the rated head of the mm--thth pump (m), pump (m), QR(mQR(m) is ) is 
the rated discharge of the rated discharge of mm--thth pump (m3/s), C1(m), C2(m) and pump (m3/s), C1(m), C2(m) and 
C3(m) are empirical constants for the C3(m) are empirical constants for the mm--thth pump obtained pump obtained 
from the pump from the pump charateristicscharateristics. Here p refers to the element . Here p refers to the element 
corresponding to the corresponding to the mm--thth pump. If the actual pump pump. If the actual pump 
characteristics are available, the constants C1, C2, C3 may be characteristics are available, the constants C1, C2, C3 may be 
evaluated. C1 is determined from the shutoff head as 
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Network AnalysisNetwork Analysis
WhereWhere HO(mHO(m) is the shutoff head of the ) is the shutoff head of the mm--thth pump. As pump. As 

h(ph(p)=)=--HR(mHR(m) for rated flow,) for rated flow,

From which C2(m)is determined. C3 (m) is obtained by From which C2(m)is determined. C3 (m) is obtained by 
fitting the equation to the actual pump characteristics.fitting the equation to the actual pump characteristics.

For a pipe element,For a pipe element,

For HazenFor Hazen--Williams equation, the above equation becomesWilliams equation, the above equation becomes
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Network AnalysisNetwork Analysis
Similarly for a pump elementSimilarly for a pump element

Where outside the parenthesis, + sign is used if flow is Where outside the parenthesis, + sign is used if flow is 
towards node j and towards node j and ––sign is used if flow is away from node j sign is used if flow is away from node j 
and, inside the parenthesis, the + sign is used, if i is the and, inside the parenthesis, the + sign is used, if i is the 
node downstream of the pump and the node downstream of the pump and the –– sign is used if j is sign is used if j is 
the node downstream of the pump.
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Network AnalysisNetwork Analysis
The network analysis problem reduces to one of solving a set of The network analysis problem reduces to one of solving a set of nonnon--
linear algebraic equations. Three types of formulation are used linear algebraic equations. Three types of formulation are used –– thethe
nodal, the path and the node and path formulation.nodal, the path and the node and path formulation.

Each formulation and method of analysis has its own advantages aEach formulation and method of analysis has its own advantages andnd
limitations. In general path formulation with Newtonlimitations. In general path formulation with Newton--RaphsonRaphson methodmethod
gives the fastest convergence with minimum computer storage gives the fastest convergence with minimum computer storage 
requirements.requirements.

The node formulation is conceptually simple with a very convenieThe node formulation is conceptually simple with a very convenientnt
data base, but it has not been data base, but it has not been favouredfavoured earlier, because in earlier, because in 
conjunction with Newtonconjunction with Newton--RaphsonRaphson method, the convergence to themethod, the convergence to the
final solution was found to depend critically on the quality of final solution was found to depend critically on the quality of the initial the initial 
guess solution.guess solution.

The node and path formulation can have a self starting procedureThe node and path formulation can have a self starting procedure
without the need for a guess solution, but this formulation needwithout the need for a guess solution, but this formulation needs the s the 
maximum computer storage.maximum computer storage.



Node based modelsNode based models
The node (H) equationsThe node (H) equations

The number of equations to be solved can be reduced from The number of equations to be solved can be reduced from 
L+JL+J--1 to J by combining the energy equation for each pipe 1 to J by combining the energy equation for each pipe 
with continuity equation.with continuity equation.
The head loss equation for a single pipe can be written asThe head loss equation for a single pipe can be written as

Where HWhere Hii=head at i =head at i thth node, L node, L 
KKijij= head loss coefficient for pipe from node i to = head loss coefficient for pipe from node i to 

node j node j 
QQijij= flow in pipe from node i to node j, L= flow in pipe from node i to node j, L33/t/t
nnijij=exponent in head loss equation for pipe from =exponent in head loss equation for pipe from ii--j
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Node based modelsNode based models
The double subscript shows the nodes that are connect by The double subscript shows the nodes that are connect by 
a pipea pipe
Since the head loss is positive in the direction of flow, Since the head loss is positive in the direction of flow, sgnsgn
QQijij==sgnsgn (H(Hii--HHjj), and we solve for Q as), and we solve for Q as

The continuity equation at node I can be written asThe continuity equation at node I can be written as

WhereWhere QQkiki=flow into node i from node k, L=flow into node i from node k, L33/T/T
UUii=consumptive use at node i, L=consumptive use at node i, L33/T/T
mmii=number of pipes connected to node i.=number of pipes connected to node i.
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Node based modelsNode based models
Combining energy and continuity equations for each flow in Combining energy and continuity equations for each flow in 
the continuity equation givesthe continuity equation gives

The above is a node H equation, there is one such equation The above is a node H equation, there is one such equation 
for each node, and one unknown Hfor each node, and one unknown Hii for each equationfor each equation

These equations are all nonlinearThese equations are all nonlinear

The node (H)  equations are very convenient for systems The node (H)  equations are very convenient for systems 
containing pressure controlled devices I.e. check valves, containing pressure controlled devices I.e. check valves, 
pressure reducing valves, since it is easy to fix the pressure pressure reducing valves, since it is easy to fix the pressure 
at the downstream end of such a valve and reduce the at the downstream end of such a valve and reduce the 
value if the upstream pressure is not sufficient to maintain value if the upstream pressure is not sufficient to maintain 
downstream pressure
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Loop based modelsLoop based models
The Loop (The Loop ( QQ) equations) equations

One approach is to setting up looped system problems is to One approach is to setting up looped system problems is to 
write the energy equations in such a way that, for an initial write the energy equations in such a way that, for an initial 
solution, the continuity will be satisfiedsolution, the continuity will be satisfied

Then correct the flow in each loop in such a way that the Then correct the flow in each loop in such a way that the 
continuity equations are not violated.continuity equations are not violated.

This is done by adding a correction to the flow to every pipe This is done by adding a correction to the flow to every pipe 
in the loop .in the loop .

If there is negligibly small head loss, flow is added around If there is negligibly small head loss, flow is added around 
the loop, if there is large loss, flow is reducedthe loop, if there is large loss, flow is reduced

Thus the problem turns into finding the correction factor Thus the problem turns into finding the correction factor QQ
such that each loop energy equation is satisfiedsuch that each loop energy equation is satisfied



Loop based modelsLoop based models
The loop energy equations may be writtenThe loop energy equations may be written

(l=1,2,(l=1,2,……,L),L)

WhereWhere
QiQiii = initial estimate of the flow in = initial estimate of the flow in ii thth pipe,pipe, LL33/T/T
QlQl = correction to flow in l = correction to flow in l thth loop,loop, LL33/T/T

mmll == number of pipes in l number of pipes in l thth looploop
LL = number of loops= number of loops
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Loop based modelsLoop based models

TheThe QQii terms are fixed for each pipe and do not change terms are fixed for each pipe and do not change 
from one iteration to the next.from one iteration to the next.

TheThe QQ terms refer to the loop in which the pipe fallsterms refer to the loop in which the pipe falls

The flow in a pipe is therefore The flow in a pipe is therefore QQii ++ QQ for a pipe that lies in for a pipe that lies in 
only one loop.only one loop.

For a pipe that lies in several loops (say ,a b,  and c) the For a pipe that lies in several loops (say ,a b,  and c) the 
flow might be flow might be 

cbai QQQQ



Loop based modelsLoop based models
The negative sign in front of b term is included The negative sign in front of b term is included 
merely to illustrate that a given pipe may be merely to illustrate that a given pipe may be 
situated in positive direction in one loop and in situated in positive direction in one loop and in 
negative direction in another loop.negative direction in another loop.

When the loop approach is used, a total of L When the loop approach is used, a total of L 
equations are required as there are l unknowns, equations are required as there are l unknowns, 
one for each loopone for each loop



Solution of pipe network problems Solution of pipe network problems 
through Newtonthrough Newton--RaphsonRaphson methodmethod

NewtonNewton--RaphsonRaphson method is applicable for the problems method is applicable for the problems 
that can be expressed as that can be expressed as F(x)=0F(x)=0, where the solution is the , where the solution is the 
value of x that will force F to be zerovalue of x that will force F to be zero
The derivative of F can be a expressed by The derivative of F can be a expressed by 

Given an initial estimate of x, the solution to the problem is Given an initial estimate of x, the solution to the problem is 
the value of the value of x+x+ xx that forces F to 0. Setting that forces F to 0. Setting F(F(x+x+ xx)) toto
zero and solving for zero and solving for xx gives

x
xFxxF

dx
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Solution of pipe network problems Solution of pipe network problems 
through Newtonthrough Newton--RaphsonRaphson methodmethod

New value of x+New value of x+ x becomes x for the next iteration. This x becomes x for the next iteration. This 
process is continued until F is sufficiently close to zeroprocess is continued until F is sufficiently close to zero
For a pipe network problem, this method can be applied to For a pipe network problem, this method can be applied to 
the Nthe N--1=k, H1=k, H--equationsequations
The head (H) equations for each node (1 through k), it is The head (H) equations for each node (1 through k), it is 
possible to write as:possible to write as:

Where mWhere mii= number of pipes connected to node I= number of pipes connected to node I
UUii= consumptive use at node i, L= consumptive use at node i, L33/T/T

F(i) and F(i+1) is the value of F at F(i) and F(i+1) is the value of F at ithith and (i+1)th iteration, and (i+1)th iteration, 
thenthen
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Solution of pipe network problems Solution of pipe network problems 
through Newtonthrough Newton--RaphsonRaphson methodmethod

This change can also be approximated by total This change can also be approximated by total 
derivativederivative

WhereWhere HH= change in H between the = change in H between the ithith andand
(i+1)th iterations, L (i+1)th iterations, L 
Finding the values of Finding the values of HH which forces F(i+1)=0.which forces F(i+1)=0.
Setting above two equations equal, results in a Setting above two equations equal, results in a 
system of k linear equations with k unknowns system of k linear equations with k unknowns (( H)H)
which can be solved by the any linear methods
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Solution of pipe network problems Solution of pipe network problems 
through Newtonthrough Newton--RaphsonRaphson methodmethod

Initial guess for HInitial guess for H
Calculate partial derivatives of each F with respect to each H Calculate partial derivatives of each F with respect to each H 
Solving the resulting system of linear equations to find H, Solving the resulting system of linear equations to find H, 
and repeating until all of the Fand repeating until all of the F’’s are sufficiently close to 0s are sufficiently close to 0
The derivative of the terms in the previous  equation is The derivative of the terms in the previous  equation is 
given bygiven by

andand
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Solution of pipe network problems Solution of pipe network problems 
through Hardythrough Hardy--Cross methodCross method

The linear theory method and the NewtonThe linear theory method and the Newton--RaphsonRaphson
method can converge to the correct solution rapidlymethod can converge to the correct solution rapidly
Manual solution or solution on small computers may not Manual solution or solution on small computers may not 
be possible with these methodsbe possible with these methods
However, the HardyHowever, the Hardy--cross method, which dates back to cross method, which dates back to 
1936, can be used for such calculations, in essence, the 1936, can be used for such calculations, in essence, the 
HardyHardy--Cross method is similar to applying the NewtonCross method is similar to applying the Newton--
RaphsonRaphson method to one equation at a time method to one equation at a time 
Hardy cross method is applied to Hardy cross method is applied to Q equations although it Q equations although it 
can be applied to the node equations and even the flow can be applied to the node equations and even the flow 
equations.equations.
The method, when applied to the The method, when applied to the Q equations,Q equations, requiresrequires
an initial solution which satisfies the continuity equationan initial solution which satisfies the continuity equation



Solution of pipe network problems Solution of pipe network problems 
through Hardythrough Hardy--Cross methodCross method

Nevertheless it is still widely used especially for manual Nevertheless it is still widely used especially for manual 
solutions and small computers or hand calculators and solutions and small computers or hand calculators and 
produces adequate results for most problemsproduces adequate results for most problems
For the l For the l thth loop in a pipe network the loop in a pipe network the Q equation can be Q equation can be 
written as followswritten as follows

WhereWhere
QQll=correction to l =correction to l thth loop to achieve convergence, Lloop to achieve convergence, L33/T/T

QQiiii=initial estimates of flow in i =initial estimates of flow in i thth pipe (satisfies pipe (satisfies 
continuity),Lcontinuity),L33/T/T

mmll=number of pipes in loop l
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=number of pipes in loop l



Solution of pipe network problems Solution of pipe network problems 
through Hardythrough Hardy--Cross methodCross method

Applying the NewtonApplying the Newton--RaphsonRaphson method for a single equation method for a single equation 
givesgives

Where the k+1 refers to the values of Where the k+1 refers to the values of Q in the (k+1) Q in the (k+1) thth
iteration, and all other values refer to the k iteration, and all other values refer to the k thth iterations and iterations and 
are omitted from the equation for ease of readingare omitted from the equation for ease of reading
The above equation is equivalent toThe above equation is equivalent to……

Sign on the Sign on the QQii terms depend on how that pipe is situated in terms depend on how that pipe is situated in 
the loop under consideration.the loop under consideration.
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AssignmentsAssignments
1. How many 1. How many Q equations must be set up for a network Q equations must be set up for a network 

with L loops (and pseudowith L loops (and pseudo--loops), N nodes, and P pipes? loops), N nodes, and P pipes? 
How many HHow many H--equations must be set up?equations must be set up?

2. What are the primary differences between the Hardy2. What are the primary differences between the Hardy--
Cross and NewtonCross and Newton--RaphsonRaphson method for solving the method for solving the QQ
equations?equations?

3. For two pipes in parallel, with K3. For two pipes in parallel, with K11>K>K22, what is the , what is the 
relationship between Krelationship between K11, K, K2,2, andand KKee , the K for the , the K for the 
equivalent pipe replacing 1 and 2 (h=equivalent pipe replacing 1 and 2 (h=KQKQnn)?)?

a. Ka. K11>K>K22>>KKee

b. Kb. K11>>KKee>K>K22

c.c. KKee>K>K11>K>K22



AssignmentsAssignments
4. Derive the following momentum equation by applying 4. Derive the following momentum equation by applying 

conservation of momentum for a control volume for conservation of momentum for a control volume for 
transient flow through a pipe transient flow through a pipe 

5. Develop the system of equations for the following network 5. Develop the system of equations for the following network 
(consists of 8 nodes and 9 elements, out of which 8 are (consists of 8 nodes and 9 elements, out of which 8 are 
pipe elements and the other is a pump element) to find the pipe elements and the other is a pump element) to find the 
values of the specified unknowns. Also write a computer values of the specified unknowns. Also write a computer 
program to solve the system of equations.
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program to solve the system of equations.



Assignments continuedAssignments continued
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 - Node with H unknown & C known

 - Node with H known & C known

 - Node with H known & C unknown

 - Node with R unknown 

 - Pump element

 Unknowns
 H [2],   H [4],  H [5]
 R [4],   R [5]
 C [6],   C [7],  C [8]


