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The steady-transient optimization of water transmission
pipelines with consideration of water-hammer control
devices: a case study
S. Mahmood Jazayeri Moghaddas

ABSTRACT
Pump power failure in pipelines is one of the most important factors causing water-hammer, which
leads to sharp ﬂuctuations in velocity and pressure. To prevent the destructive effects of this
phenomenon, the use of pipe of appropriate compressive capacity and protective devices such as
air-chambers and control valves is required. In a transmission system, increased diameter and
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decreased thickness of pipe leads to decreased ﬂow velocity and compressive wave speed and
reduction of water-hammer impact. Thus, although the increase of diameter leads to increased cost
of pipe and decrease of thickness lowers its compressive strength, the resulting reduced ﬂuctuation
of water-hammer could minimize the cost by lowering the required pipeline class and decreasing the
size and number of protective devices. In this paper, an optimization model has been presented for
selection of the best diameter, thickness and pipe material and selection of positions and proper
type of water-hammer controlling devices where a combined ﬂowchart includes an optimization
algorithm and ﬂow analysis at steady and transient states. A self-adaptive real genetic algorithm has
been used for this optimization, and its capability in cost reduction of pipelines has been approved in
a case study.
Key words

| optimization, self-adaptive GA, water-hammer, water-hammer control devices, water
transmission pipelines

INTRODUCTION
Water transmission pipelines transmit considerable dis-

water vapor pressure (Stephenson ) and create column

charges from one point to another. These systems usually

separation in the pipe and seriously damage it. To prevent

include long pipes with relatively large diameter and

any damage to the system, it is required to use pipes with

strong pumping stations to supply the required energy for

the appropriate compressive capacity and protective

water transmission. Water-hammer could occur in such sys-

methods. Various strategies could be used for this purpose;

tems for different reasons depending on the type of pipeline.

the selection of proper strategy depends on the pipeline pro-

One of its most powerful types occurs when the pump sud-

ﬁle and the ﬂuid features. If the water transmission head is

denly turns off due to unexpected power failure (Stephenson

relatively low, the use of a surge tank and pressure regulat-

); such an incidence could create considerable positive

ing valves could protect the system on the condition that

and negative pressures in ﬂuid ﬂow. In case of exceeding

the negative pressures with water-hammer could be toler-

the allowed pressure, positive pressures could lead to pipe

ated by the pipe. However, in systems with high normal

rupture. Moreover, negative pressures could lead to water

discharge and pressure, including large-scale transmission

evaporation when the pressure of the ﬂuid decreases the

pipelines, the most appropriate way to prevent negative
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pressures and decrease positive pressure is usually with the

generic algorithm (GA) and particle swarm optimization

use of an air-chamber (Stephenson ). In so far as the use

(PSO). For optimization of size and position of hydraulic

of these chambers individually considerably increases the

control devices for water-hammer effects in water distri-

protection cost, the use of pressure control valves and air-

bution systems with various tanks, Jung & Karney ()

inlet valves in the pipeline could reduce the required size

used combined GA and PSO. They presented different strat-

for the air-chamber and leads to a lower protection cost.

egies of protective methods by the combined use of surge

Thus, the use of a combination of protective devices and

tanks and pressure control valves. In another study, Jung

positioning them in appropriate places could lead to a

et al. () formulated the design of optimum diameters of

reduction in the cost of pipe protection devices.

a water distribution system under transient conditions by a

On the other hand, the ﬂow velocity at normal state is

multi-objective optimization algorithm. In their study, the

one of the most important factors in intensity of water-

two objectives of minimizing pipe cost and maximizing

hammer pressures. In pipelines with a certain steady dis-

hydraulic reliability were considered. Moreover, Jung et al.

charge, the pipe diameter determines the velocity and has

() used a two-objective optimization method for optimiz-

an important role in the mentioned pressures; thus, with an

ing the diameter of pipes in a water distribution network

increase of pipe diameter and decrease of velocity, the inten-

with a tank. They selected a function as ‘surge damage poten-

sity of ﬂuctuations in water-hammer will decrease. However,

tial factor’ as an objective function, and pipeline network cost

in common designs of pipelines, concerning the criteria on

as another objective. Jung & Karney () optimized a water

minimum and maximum allowable velocity in steady state,

distribution system for the best transient ﬂow states in two

attempts are made to use the lowest possible diameters for

stages. Jazayeri Moghaddas et al. (a) developed an optim-

the lowest cost. However, this cost reduction leads to

ization model to ﬁnd a reliable and cost-effective transient

increased velocity and makes severe water-hammer press-

protection design for large scale pipeline systems subjected

ures, and leads to an increase in the required pipe wall

to a pump trip. The proposed model was applied to a real

thickness and thus the application of more expensive protec-

case study and it was found that careful allocation and

tive devices for water-hammer control, which imposes huge

sizing of the air-inlet valves along the pipe resulted in a signiﬁ-

costs on a project. Moreover, reducing the thickness of the

cant reduction of air-chamber volume and, consequently,

pipeline could reduce the pressure wave speed and thus

total cost of water-hammer protection design. Moreover,

reduce the intensity of the ﬂuctuations of water-hammer

Jazayeri Moghaddas et al. (b) used a double-objective

pressure. Thus, although this reduction of thickness reduces

model to optimize protective devices to obtain the minimum

the compressive strength of the pipe, it could also be a strat-

of cost and the most appropriate level of operational

egy for mitigation of the water-hammer effects and reduction

parameters.

of the cost of protection devices.

According to the above studies, it has been proved that

Based on this, the dependency of total pipeline cost and

in optimization of water transmission or distribution pipe-

water-hammer intensity on variations of pipe diameter and

lines, an optimal design is only expected when a transient

thickness on the one hand, and the inﬂuence of water-

analysis is used in the process. However, the interaction

hammer intensity on the pipe class, location and type of con-

between diameter and thickness of the pipe wall and its

trol devices on the other hand, make it inevitable to use an

due intensity of water-hammer on the type and material of

optimization model for an optimum design with minimum

the pipe, and the type and placement of water-hammer con-

total cost.

trollers, have not been studied in previous research.

In recent years, various methods for the optimization

In this paper, an optimization model is presented where

of transmission pipelines have been studied. Lingireddy

the diameter, thickness and material of the pipe, volume of

et al. () developed an optimization model to determine

the air-chamber and location and type of air-inlet valves

the size of a surge tank based on a genetic algorithm. Jung

have been considered as decision variables, the objective

& Karney () considered the transient ﬂow effect in the

function is total cost of the water transmission system, and

selection of optimum diameters in a network. They used a

the keeping of pressures and velocities in an allowable
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ρVD
is the
μ
Reynolds number, ρ is the ﬂuid density and μ is the viscosity
where ϵ is the absolute roughness of pipe, Re ¼

of ﬂuid inside the pipe.

to water-hammer are brieﬂy discussed and then the optimiz-

With the aim of water pressure at all points of the pipes

ation model and applied algorithm will be explained.

being in the desired range in steady-state conditions, and

Finally, a problem case study is solved through the proposed

due to the fact that the head loss increases with decreasing

model and its results are investigated and analyzed.

diameter, it is necessary to select a diameter for the pipe
which, while complying with the permissible conditions
for the velocity, also provides proper pressures.

FLOW IN STEADY STATE
Pipe diameter determines the ﬂow velocity. When the pipeline has normal functionality, the passing discharge from the
pipeline is constant and the ﬂow velocity obtained from the
following equation that is dependent on the pipe diameter:

TRANSIENT FLOW DUE TO WATER-HAMMER
When a sudden pump failure occurs, the ﬂow velocity and
pressure head at the pump station decrease dramatically and

Vsteady ¼

Qsteady
A

(1)

where Vsteady and Qsteady are the velocity and ﬂow discharge
in steady state and A is the internal section area of pipe.
According to standards, one of the main parameters in
designing a pipeline is Vsteady to be in the below allowed
range:
0:5 < Vsteady (m=s) < 1:6

(2)

The calculation of pressures in boundary points of the
pipe can be determined based on ﬁxed values such as the
constant head in the tanks or the energy balance equation
in the pump, and for other points it is calculated based on
friction losses in the pipes which, according to the Darcy–
Weisbach equation, is as follows:
L Vsteady
D 2g

D is pipe diameter and g is gravitational acceleration.

@H Q @H a2 @Q Q
þ
þ
þ sinθ ¼ 0
@t A @x gA @x A
gA

@H @Q
@Q fQjQj
þ
þQ
þ
¼0
@x
@t
@x 2DA2

(5)

(6)

where x is distance, t is time, H ¼ H(x, t) is ﬂuid pressure head,
Q ¼ Q(x, t) is ﬂow discharge, a is ﬂuid pressure wave speed,
f is the transient Darcy–Weisbach friction coefﬁcient and g is
gravitational acceleration.
There are various methods for solving this equation

ary conditions on tanks with ﬁxed head, pump trip and
() and Chaudhry ().
In this paper, friction coefﬁcient f in transient state is
calculated using the model of unsteady friction (Brunone

The Darcy–Weisbach steady friction coefﬁcient is deter-

et al. ):
 

@V 
KD @V
f ¼ fsteady þ
þ a sign(V) 
VjVj @t
@x

mined from Swamee & Jain () as:
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following differential forms (Wylie & Streeter ):

water-hammer controllers are presented in Wylie & Streeter

Darcy–Weisbach steady friction coefﬁcient, L is pipe length,

fsteady ¼  

ϵ=D 5:74 2
ln
þ 0:9
3:7 Re

tum equations. These equations are respectively written in the

been used. The details of this method and governing bound(3)

where hf is head loss due to friction in the pipe, fsteady is the

1:325

in this state is carried out based on the continuity and momen-

system; in this paper Method of Characteristics (MOC) has

2

hf ¼ fsteady

the ﬂow state changes from steady to transient. Flow analysis

(4)

(7)

To control water-hammer effects in high-capacity transmission pipeline, air-chambers are the best choice. The
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compressed air inside the chamber allows water to ﬂow out

The best position for installation of an air-chamber is usually

of the tank and balance the outside pressure with negative

in the pipeline close to the pumping station. However, the

pressure. Moreover, in the case of high positive pressure,

location and number of air-inlet valves depends on the

water ﬂow would be inversed toward the tank to reduce

pressure loss intensity in water-hammer and the longitudinal

the pressure in the system. The size of air-chamber is

proﬁle of the pipeline. Thus, in this optimization, the location

highly dependent on the intensity of water-hammer ﬂuctu-

of air-chamber is ﬁxed immediately after the pump and a

ations. In pipelines of high pumping capacity, where the

decision variable will be deﬁned for its volume that is selected

ﬂuctuation of water-hammer is relatively extreme, the

from a trade list. Some locations will also be a candidate for

required air-chamber volume will be relatively high, which

air-inlet valves. For each of these locations, a decision vari-

increases the total cost of the system. Thus, any measure

able will be introduced as its inlet oriﬁce diameter that also

reducing the air-chamber volume while preserving technical

selects from a trade list. In this part, the pipe type is one of

considerations will have a considerable effect on the ﬁnal

the optimization decision variables, taking its value from

cost. Concerning the signiﬁcance of minimum pressures

the introduced pipe types in the ﬁrst part.

over maximum pressures in pump power failure, the use of

The optimization model of this study uses the self-adap-

air-inlet valves to maintain pressure above water vapor

tive genetic algorithm (GA). GA is one of the most well-

pressure could help the performance of the air-chamber.

known and applicable evolutionary algorithms for complex

The mechanism of air-inlet valves is such that when in the

engineering optimization problems (Jung & Karney ).

valve location, ﬂuid pressure becomes less than the outside

The GA is inspired by biological evolution theory, in

pressure, the valve will open up and let air release inside the

which a population of solutions evolves for searching the

pipe, which prevents a further pressure drop in the pipeline.

total allowed space and achieving the best solution (Haupt

Since the air-inlet valve cost is much less than an air-

).

chamber, simultaneous use of an air-chamber and air-inlet

In this study, single-objective optimization has been

valve for reduction of air-chamber volume could be an econ-

used for cost minimization and maintaining pressures in

omic solution for the transmission system.

an allowed range. Moreover, problem solving has led to a
unique solution for respecting allowed hydraulic conditions
and minimum cost of the system. The objective function is

OPTIMIZATION THROUGH GENETIC ALGORITHM

total cost of the water transmission system including total
cost of pipeline and cost of protective devices. The water

The model presented in this paper consists of two parts. The

pressure constraints due to water-hammer have been

ﬁrst part is selection of appropriate pipe diameters and

applied as a penalty function in this objective function.

classes in terms of thickness of wall and material from the

Thus, the objective function will be deﬁned as:

available trade list for the model. In this part, ﬁrst, various
pipes are introduced to the model as a trade list with details

F ¼ C pipe þ Ca þ

Cvi þ PF

(8)

i¼1

including internal diameter, wall thickness, absolute
roughness, maximum allowed internal pressure, material

n
X

where C pipe is pipe cost, Ca is air-chamber cost, Cvi is the

properties and price of unit length. Having steady-state

cost of the ith air-inlet valve, n is the number of air-inlet

discharge, the model selects a number of pipes in the trade

valves in the pipeline and PF is the penalty function. The

list which is then applied to Equation (2) in terms of allow-

penalty function is deﬁned as follows:

able velocity. Also, using pipes from that list, the pressure in
all parts of the pipeline is within the pressure limits concerning the friction losses of Equation (3).

PF ¼ M

NJ
X

In the second part, optimization will be carried out for
pipe type, air-chamber, positioning and diameter of an airinlet valve oriﬁce using transient analysis due to pump failure.
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max(0, (Pmin:all  Pmin ))

j¼1

þM

NJ
X
j¼1

j

j

max(0, (Pmax  Pmax:all ))

(9)
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where M is the magniﬁcation coefﬁcient of the penalty func-

For any candidate position for air-inlet valves, one xi

tion, NJ is the number of computational nodes in the

decision variable will be deﬁned. A trade list will also be

j

j

transmission system, Pmin and Pmax are the minimum and

introduced for air-inlet valves to the system whose number

maximum pressures in the jth computational node and

of rows is equal to the number of available choices for this

j
Pmin:all

j
Pmax:all

are the minimum and maximum allowed

type of valve and any row includes speciﬁcations of a

pressures in the jth computational node that are respectively

choice including diameter of oriﬁce and cost. Thus, for

equal to the allowed compressive capacity of the pipeline

any xi :

and

and vapor pressure. When pressure is in the allowed
range, the PF value is zero and when the pressure is out of
the allowed range it will be larger than zero. Since the

0 < xi < NumAirValveChoices,
3  i  NumAirValveCandidates þ 2

(12)

model is a minimization model, GA seeks to make PF
equal to zero and in this way it will select values as decision

where NumAirValveCandidates is the number of candidate

variables in which the pressures will be in the allowed range

points for air-inlet valves and NumAirValveChoices is the

in their transient analysis. Coefﬁcient M will be regulated

number of available air-inlet valve choices for selection in

concerning the conditions of the problem for making con-

any candidate point. Since xi could be zero, the model deter-

siderable inﬂuence of PF in the objective function. The use

mines the presence or absence of a valve in any candidate

of a self-adaptive GA automatically calibrates coefﬁcient

point and, if present, optimizes its type.

M and in this way the precision and speed of convergence
will increase in optimization.

The procedure of the real genetic algorithm is such that
it randomly produces an initial population of chromosomes

In the proposed model, for each of the decision vari-

for optimizations where any chromosome includes values

ables deﬁned above, a list of choices will be deﬁned for

for decision variables. The values of objective function for

selection. The variable of pipe type is shown by x1 and

this initial population are calculated and in the successive

could have a value between 1 and the number of introduced

generations with evolution of population and gene mutation,

pipe types from the ﬁrst part of the model. Thus:

it tries to produce better chromosomes with lower values of
objective function.

1 < x1 < NumPipeChoices

(10)

Using this algorithm, in the second part of model, a stepby-step method has been used as follows:

where NumPipeChoices is the number of appropriate pipes
introduced to the model from the ﬁrst part. A list of these

1. Consideration of the spot immediately after the pump to

appropriate models, including the pipe speciﬁcation and its

insert the air-chamber and candidate suitable points for

cost, was obtained from the ﬁrst part of the model, including

placing the air-inlet valves according to the operating

NumPipeChoices number of rows. In any row, the information
related to a pipe is registered and the model can access the spe-

conditions.
2. Determination of appropriate diameters for pipes that
allow ﬂow velocities to be kept within the limits of

ciﬁcation and cost of the pipe by selection of x1 value.
x2 is related to the type of air-chamber. A trade list of
types of these tanks will be introduced to the system, where
any row includes speciﬁcations such as volume and price,
and x2 could be a value between 1 and the number of rows

Equation (2) according to the ﬂow discharge in steady
state.
3. Generation of pipe choices list using the diameters of
step 2.
4. Generation of a list of appropriate air-chambers and a

of this list (the number of air-chamber choices); thus:

list of suitable air-inlet valves for selection and place1 < x2 < NumAirChamberChoices

(11)

ment in the candidate points.
5. Random production of initial population of chromo-

where NumAirChamberChoices is the number of available

somes, and determination of values of variables for

choices for an air-chamber.

any chromosome.
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The plan and longitudinal proﬁle of the transmission pipeline is shown in Figure 1.
The design of this pipeline by a designer company

7. Transient analysis of the pipeline system for any

includes an ST52 metal pipe with a wall thickness of

chromosome of population using the MOC method

16 mm. For protection against water-hammer effects due

and obtaining the potential maximum and minimum

to sudden pump failure, it includes an air-chamber down-

pressures in transient state caused by a pump trip in

stream of the pumping station and some air-inlet valves

all the computational points.

with a uniform oriﬁce diameter in the pipeline. The total

8. Calculation of PF for any chromosome using maximum
and minimum pressures in Equation (9).
9. Calculation of the objective function of any chromosome in the population concerning the total cost of
pipe, air-chamber and selected valves for the chromosome and based on Equation (8).

cost of pipes and protective devices is US$4,881,000. The
general speciﬁcations of the pumping station, transmission
pipeline and available protective devices are provided in
Table 1.
For optimization of the system, the pipeline was divided
into 50 computational elements such that the length of any

10. Sorting of chromosomes in the population based on the

piece does not exceed 200 m. According to Table 2, 12 steel

value of objective function (the rank of chromosome

choices with different diameters and thicknesses were con-

will be higher with fewer objective functions).

sidered for entering into the model. In any row of this

11. Convergence control of GA algorithm; in case of con-

table, the allowed pressure and price are shown for three

vergence going to step 9 and in case of non-

thicknesses of 14.2, 16 and 17.5 mm for any diameter of

convergence going to step 7.

pipe.

12. Production of new generation through Binary Tourna-

Moreover, concerning the existing facilities for protec-

ment Pairing and BLX-α Crossover Method and

tive devices, seven choices of air-chamber and three

building of new population by replacing good chromo-

choices of air-inlet valve are shown in Table 3 with their spe-

somes instead of bad chromosomes.

ciﬁcation and prices used in optimization.

13. Application of gene mutation in population and returning to step 2.
14. Selection of best chromosome of population as optimum solution for type of pipe and water-hammer
controllers.
For the above-mentioned step-by-step implementation, a
programming code was written in Matlab software by which
the problem was solved as a case study. In the following, the
results of optimization of this case study will be presented,
which is a pressurized transmission pipeline.

The air-chamber has been considered immediately
downstream of the pump. All connecting points of the
pipes are also candidates for positioning of air-inlet valves.
To implement the genetic algorithm, 60 chromosomes
were used and the gene mutation rate has been considered
as 2%. The convergence criterion is considered as standard
deviation <0.01 for objective functions of good chromosomes of the population, and the maximum number of
allowed generation for complete implementation of the
program is considered as 1,000.
The result of the program is choice number 4 for pipe,
an air-chamber of volume 10 m3 and six air-inlet valves, at
a total cost of US$4,382,170, which is a decrease of approxi-

CASE STUDY

mately 10% compared to the existing design. The differences
of this proposed design with the current one are the

The studied project in this paper is a water transmission
3

pipe thickness, which has decreased from 16 to 14.2 mm,

pipeline of 4 m /s capacity from Vanyar Dam in northeast

and the diameter, which has increased from 1,800 to

Iran to Mehranehrood River in Tabriz city. The length of

1,900 mm. Moreover, the air-chamber has decreased to

this transmission pipeline is 8,070 m. The start and end

half and the number of air-inlet valves has increased from

levels of the pipeline are 1,508.5 and 1,690 m respectively.

ﬁve to six; however, the required oriﬁce diameter has
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The plan and longitudinal proﬁle of second part of transmission pipeline of Mehranehrood River.

decreased from 450 to 300 mm. Table 4 presents a summary

CONCLUSIONS

of the optimization results of the pipeline.
The variation trend of the objective function in various

For optimization of transmission pipelines and achieving

generations for speciﬁc implementation of the optimization

minimum cost, it is necessary to consider the effects of tran-

program is shown in Figure 2.

sient ﬂow due to water-hammer. In this regard, the effect of

To show the hydraulic function of the optimized system

various factors, including the speciﬁcation of pipe and its

at water-hammer occurrence, the maximum and minimum

position and the type of water-hammer controllers that

pressures diagram in the pipeline have been compared

have mutual effects, is also important. In this paper, these

with the allowed maximum and minimum pressure in

mutual effects have been considered in the optimum

Figure 3. It should be noted that the relative vapor pressure

design of a water transmission system in GA-based optimiz-

in Tabriz city is –8.67 mH2O.

ation. In the presented model, a combined ﬂowchart has

Downloaded from http://iwaponline.com/aqua/article-pdf/67/6/556/493576/jws0670556.pdf
by guest

563

Table 1

S. M. J. Moghaddas

|

|

Steady-transient optimization of water transmission pipelines

Journal of Water Supply: Research and Technology—AQUA

Speciﬁcation of transmission pipeline

Speciﬁcation of protective system of project

Type of pump

Horizontal
centrifuge

Pipes’ diameter

1,800 mm

Total volume ¼ 20 m3

Number of pumps

10

Maximum allowed
pressure

32 bar

Diameter
(mm)

Outlet
pipe

Inlet
pipe

Total pumps’ head

205 m

Pipes’ material

ST52
steel

450

37

36

Total discharge

4 m3/s

Vapor pressure

–0.85 bar

450

40

39

Rotational speed of any
pump

1,450 rmp

Pipes’ diameter

16 mm

450

42

41

Outlet valve diameter

600 mm

Compressive wave
velocity

102 m/s

450

44

43

Unit length price

$US588

450

47

46

|
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The speciﬁcation of pumping stations, transmission pipeline and protective system

Speciﬁcation of pumping station

Table 2

|

Air-chamber
Air-inlet
valves

The speciﬁcation and price of pipe choices

Number of choice

Nominal diameter of pipe (mm)

Steel pipe

Wall thickness (mm)

Allowed pressure (bar)

Unit length meter price ($)

1, 2, 3

1,800

ST52

17.5-16-14.2

35-32-29

643-587-520

4, 5, 6

1,900

ST52

1705-16-14.2

34-31-28

678-620-531

7, 8, 9

2,000

ST52

17.5-16-14.2

32-29-26

714-653-554

10, 11, 12

2,200

ST52

17.5-16-14.2

29-27-24

785-715-612

Table 3

|

Speciﬁcation and price of types of air-chamber and air-inlet valve

Air-chamber

Air-inlet valve
Total

Choice

Price
(thousand

volume
of tank

number

dollars $US)

(m3)

1

50

2

Table 4

|

Summary of the results of system protection with applied optimization

Type, diameter and thickness

St52 steel pipe of diameter 1,900 mm and

of pipe

thickness 14.2 mm
Total volume ¼ 10 m2

Inlet
Choice

Price
(thousand

oriﬁce
diameter

number

dollars $US)

(mm)

8

1

7

300

55

10

2

9

450

3

100

20

3

12

600

4

250

25

5

300

30

6

340

35

7

367

40

Air-chamber

Air-inlet valves

Oriﬁce diameter

Outlet

Inlet

(mm)

pipe

pipe

300
300
300
300
300
300

32
35
38
41
44
47

31
34
37
40
43
46

Total cost of pipes and water-hammer controllers: US$4,382,170

yielded minimum cost while respecting constraints of ﬂuid
ﬂow in transient and steady states and its features include
been used, consisting of a self-adaptive real genetic algor-

the use of a penalty function for consideration of these

ithm and ﬂow analysis in transient and steady states that,

hydraulic constraints in objective function and the use of a

in addition to obtaining the best diameter, optimizes the

self-adaptive algorithm for regulation of these penalty func-

thickness and pipe class, and the position and type of

tions. The advantage of using this model in designing the

water-hammer controller. The results of this model have

transmission pipeline of Vanyar Dam to the Mehranehrood
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Figure 2

|

The variation trend of objective function in various generations for implementation of the optimization model.

Figure 3

|

Diagram of maximum and minimum pressures in the transmission system.

River of Tabriz as a case study is a 10% reduction of total

|
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