
Water 2015, 7, 5284-5304; doi:10.3390/w7105284 
 

water 
ISSN 2073-4441 

www.mdpi.com/journal/water 

Article 

Empirical Formulas for Calculation of Negative Pressure 
Difference in Vacuum Pipelines 

Marek Kalenik 

Division of Water Supply and Sewage Systems, Department of Civil Engineering, Faculty of Civil and 

Environmental Engineering, Warsaw University of Life Sciences—SGGW, Nowoursynowska St. 159, 

Warsaw 02-776, Poland; E-Mail: marek_kalenik@sggw.pl; Tel.: +48-225-935-156 

Academic Editor: Enedir Ghisi 

Received: 24 March 2015 / Accepted: 28 September 2015 / Published: 9 October 2015 

 

Abstract: The paper presents the analysis of results of empirical investigations of a negative 

pressure difference in vacuum pipelines with internal diameters of 57, 81, 102 mm. The 

investigations were performed in an experimental installation of a vacuum sewage system, 

built in a laboratory hall on a scale of 1:1. The paper contains a review of the literature 

concerning two-phase flows (liquid-gas) in horizontal, vertical and diagonal pipelines. It 

presents the construction and working principles of the experimental installation of vacuum 

sewage system in steady and unsteady conditions during a two-phase flow of water and air. 

It also presents a methodology for determination of formula for calculation of a negative 

pressure difference in vacuum pipelines. The results obtained from the measurements of the 

negative pressure difference Δpvr in the vacuum pipelines were analyzed and compared with 

the results of calculations of the negative pressure difference Δpvr, obtained from the 

determined formula. The values of the negative pressure difference Δpvr calculated for the 

vacuum pipelines with internal diameters of 57, 81, and 102 mm with the use of  

Formula (19) coincide with the values of Δpvr measured in the experimental installation of a 

vacuum sewage system. The dependence of the negative pressure difference Δpvr along the 

length of the vacuum pipelines on the set negative pressure in the vacuum container pvzp is 

linear. The smaller the vacuum pipeline diameter, the greater the negative pressure difference 

Δpvr is along its length. 
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1. Introduction 

The concept of a vacuum sewerage system began in documents in 1866, when a Dutchman,  

Charles Liernur patented this system with emptying valves for sanitary facilities. Despite the long history 

of the technical solution of collecting and transport of sewage to a neutralizing place, the literature on 

the topic is not voluminous. The first ideas of sewage disposal with the use of a pressure lower than the 

atmospheric pressure were abandoned for a long time after their birth. This was due to a lack of 

knowledge in the technical development of the time as well as the strong competition from gravitational 

sewage systems. Only in the 1950s, in Sweden, did the idea return. In this moment the development of 

modern vacuum sewerage systems began. 

In the normative literature [1,2] concerning the construction and design of vacuum sewage systems, 

there is s lack of information on how to calculate a negative pressure difference in vacuum pipelines.  

Vacuum pipelines are pipelines where a reduced pressure occurs compared to the atmospheric pressure. 

The design requirements contained in directives are minimum requirements, which do not comprise full 

design directives sufficient to design a correctly operating system. The directives do not specify either a 

detailed range of a design or materials used to build components of the system. Information is given in 

the European standard [2] indicating that a vacuum sewage system should be individually designed with 

consideration of recommendations from suppliers of the devices for this system. The elaboration of the 

design recommendations, the exploitation rules and the range of application of the vacuum sewage 

system can be found in widely accessible scientific-technical literature [3–11]. 

Basing on the accessible scientific-technical literature, one can state that the hydraulic phenomena 

occurring during a flow of sewage-air mix in the vacuum sewage system are very weakly recognized.  

It appears from the performed investigations that they were carried out in single, short, straight and 

horizontal, vertical or diagonal pipelines and did not directly concern a complex vacuum sewage  

system [12–20]. The investigations were of general character and comprised two-phase (gas-liquid, 

liquid-solid or gas-solid) flows in stable hydraulic flow conditions. They were being carried out in 

pipelines with circular or rectangular sections. During these investigations the liquid flow and gas flow, 

in the majority of cases, were forced by force pumps, not vacuum pumps. It helped to recognize the flow 

structures in the liquid-gas medium flow in individual short horizontal, vertical or diagonal pipelines. 

So-called maps of two-phase (liquid-gas) flows were also worked out [12,21,22], but these maps do not 

have practical application to design vacuum sewage systems. 

The investigations on determination of an equation for calculation of negative pressure difference in 

pipelines during two-phase (liquid-gas) flows [23–25] were also carried out. These investigations were 

also performed on single, short, straight and horizontal, vertical or diagonal sections of pipelines, with 

small diameters, without slopes (without a saw-type profile for the pipeline) occurring in the pipelines 

in vacuum sewage systems. Those equations were worked out on the basis of empirical investigations 

and statistical analysis and have restricted application. They can be applied only for the conditions 

corresponding to the range of variability of the parameters considered in the investigations. Polish 

researchers proposed to apply the results of those investigations to hydraulic calculations of pipelines 

transporting liquid-gas mix type sewages [26,27], but the range of their application in a vacuum sewage 

system is very restricted. The normative literature does not recommend to apply those equations to 

hydraulic calculations of pipelines in vacuum sewage systems [1,2]. 
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Chenoweth and Martin [28], Hughmark [29,30] and Hughmark and Pressburg [31] carried out 

investigations on a pressure drop in vertical and horizontal pipelines during a two-phase flow of liquids 

and gases. The scope of their investigations encompassed not only water and air but also petroleum and 

air, gasoline and air, oil mixture and air, naphtha and air, gas oil and air, water and water foam, salt 

solutions and air. The investigations were carried out for various flow speeds of liquids and air. During 

these investigations, the liquid and air flow was forced by force pumps, not vacuum pumps. 

Ratkovich et al. [20] investigated two-phase flows of gas and Newtonian liquid (air-water, air-pentanol, 

air-glycerin) as well as gas and non-Newtonian liquid (air and water solutions of sodium) in vertical 

pipes. The investigations encompassed three stages. The first one consisted in experimental tests of a 

two-phase flow with cork structure on a built measurement stand. The second stage encompassed 

simulation tests of a two-phase flow with a cork structure with use of a CFD (Computational Fluid 

Dynamic) model. The third stage encompassed a comparison of results of the simulation tests and results 

of the experimental tests as well as empirical formulas existing in the literature. The performed 

investigations showed that the CFD model can be successfully applied to predict two-phase flow with a 

cork structure in vertical pipes. 

Cazarez-Candia et al. [18] worked out a one-dimensional mathematical model to simulate two-phase 

liquid-gas flows in pipelines applied to petroleum transport in oil wells. The authors carried out their 

investigations for cork flows of oil-water-gas mix. The mathematical model was built of the equations 

of principles of conservation of mass, momentum and energy, whereas the equations themselves were 

solved by FEM. The simulation tests of the two-phase flows were carried out in the pipelines with slope 

from 0° till 45° where an annular flow was assumed. It was investigated the influence of the temperature 

and compression-decompression processes of the gas on the stability of the constructed model. The 

results obtained from the simulation tests were compared to the results of experiments. It was stated that 

with use of the constructed mathematical model, 14% lower values were obtained than those from the 

performed experimental tests. 

Irikura et al. [32] investigated the behavior of water in transparent V-shaped pipelines. The scope of 

their investigations encompassed pipes with diameters of 20, 30 and 40 mm and slope angles of 3°, 5° 

and 7°. The tests consisted in partially filling a pipe with water, then forcing air into it and observing 

how the water behaves via a given filling ratio of the pipe. At the beginning the water was at rest, and 

then it started to flow and formed a wave whose crest filled the whole section of the pipe. Then, as the 

beginning phase of the water flow was finished, the wave disappeared. The observed phenomenon of 

wave forming was described by the researchers as hydraulic strokes of the liquid resting in the V-shaped 

pipes. Based on the obtained results of the tests and after recognition of the wave forming phenomenon, 

the researchers worked out a three-dimensional mathematical model for simulations of hydraulic strokes 

of resting liquid in V-shaped pipes. 

Skillman [33] who carried out investigations of flow of domestic sewages in a vacuum sewage system 

in separate pipelines with the diameters of 50, 75 and 100 mm, derived a dependence for a minimal 

capacity of a vacuum tank and determined a minimal transport velocity of the sewages as 1.05 m·s−1.  

As the result of the several years’ investigations, he formulated 12 conclusions, and the most important 

of them are the following: 
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• The working effectiveness (including energy consuming) of the vacuum pipelines depends mainly 

on the ratio of the volume of introduced air to the volume of sewage (f), and to a lesser degree on 

the pipeline diameter and its configuration. The highest effectiveness was shown by the systems 

with relatively low ratio of f. 

• Whirls in emptying wells can cause a 40% reduction of the velocity of sewage flow in pipelines. 

To avoid this, the well outlet should be placed in the sidewall of the well, not in the bottom. 

• The required difference of pressures (negative pressure in the vacuum tank) should take into 

consideration the total height of elevation, not only the difference between elevations of the 

beginning and end of the pipeline (net height). 

• Coefficients of linear resistance of two-phase mixtures flowing in vacuum pipelines cannot be 

determined from dependences for one-phase flows, though the latter can be a rough approximation 

of the former—the nearer to zero the phase volume ratio f is, the better. 

However, Li et al. [34] proposed a two-dimensional hydrodynamic model for description of medium 

transport in vacuum sewage system pipelines, without its verification, on the basis of real hydraulic 

conditions of medium flow in a vacuum sewage system. The premises assumed in the model to describe 

the medium flow in the vacuum sewage system pipes were based on the investigations of Dukler  

and Hubbard [35] who, based on laboratory investigations in horizontal pipes, proposed a similar  

two-dimensional model for a description of transport of gas and liquid in horizontal pipes. 

Attention must be paid to the item [36] concerning design principles of vacuum sewage systems. 

Bearing in mind the state of the scientific-technical knowledge in that time, one can state that the 

publication [36] played a pioneering role, because in 1983 no vacuum sewage systems were operated in 

Poland. However, from the point of view of current knowledge, it must be stated that many premises 

were assumed in this publication without any experimental grounds. Particularly, one false premise was 

assumed concerning a type of flow occurring in a saw-type profile vacuum collector. 

In a vacuum sewage system, in steady and unsteady conditions, in separate sections of a vacuum 

pipeline, there occur very diverse structures of a liquid-gas mix flow [37,38]. The flow of liquid-gas 

mixture in a vacuum sewage system was investigated: 

• in steady conditions without air sucking, i.e., during the tests the emptying valve was open all the 

time and the vacuum pipeline continuously sucked only water with a set flow rate; 

• in steady conditions with air sucking, i.e., during the tests the emptying valve was open all the 

time and the vacuum pipeline continuously sucked water and air with a set flow rates; 

• in unsteady conditions, i.e., during the tests the emptying valve was opened in random way (the 

opening time was set) and the vacuum pipeline sucked water first and then air. 

The flow of a liquid-gas mix stream in the vacuum sewage system is very dynamic, unstable and 

pulsatory. The diversity of structures of medium flow in the vacuum sewage system is forced by the 

gravity force which aspires to stratify the phases. The diversity of structures of medium flow in the 

vacuum sewage system pipelines depends on a diameter, profile and height position of the pipeline in 

the system [37,38]: 

• in steady conditions, without air suction, the following occur: bubbly flow, slug air flow, stratified 

air flow, annular flow, wave flow, air flow, slug flow, intermittent flow (projective); 
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• in steady conditions, with air suction, the following occur: projective flow, bubbly flow, slug 

flow, foam flow, wave flow, stratified flow, annular flow; 

• in unsteady conditions, the following occur: foam flow, bubbly flow, projective flow 

(intermittent), slug air flow, stratified air flow, wave flow. 

Multiphase flows occur not only in the pipelines of vacuum sewage systems but also, for example, in 

the pipelines applied for petroleum transport in oil wells, in the pipelines of air lifts, in water-pipe 

networks during a hydraulic stroke [39–41], in the pipelines of heat exchangers, in jet pumps, in pipelines 

transporting loose materials hydraulically, etc. The two-phase flows (liquid-gas) in the pipelines of air 

lifts are the best recognized. The investigations performed to date allowed to work out so-called  

flow structure maps for air lifts and mathematical models for simulations of the flows occurring  

there [42–53]. Investigations of air lifts made of rectangular [54] and crooked [55] pipes were also 

carried out. The tests performed on air lifts with crooked pipes beyond an air-water mixer show that the 

pumping capacity of solid bodies significantly falls in the air lifts constructed in such away. However, if 

only liquid is transported, then the pipe curvature of the air lift does not affect its capacity [56]. The 

performed investigations show that the air lifts are characterized by low operational efficiency compared 

to conventional pumps [45,46,57,58]. 

Multiphase flows occur most frequently in devices in the chemical and petrochemical industry, 

environmental engineering, in conventional and nuclear power engineering, and in heat engineering. The 

multiphase flows, however, which occur in the pipelines of technical devices cause a lot of design 

problems due to very diverse and unstable flow conditions. 

Nowadays, during the design of vacuum sewage systems, hydraulic losses (pressure differences)  

in vacuum pipelines are not being taken into consideration because there is no formula for their 

calculation [1,2]. If an engineer does not know how to calculate the hydraulic losses (pressure differences) 

in vacuum pipelines, he/she is not able to select proper pumps for the vacuum sewage system, meaning 

the pumps chosen for such system are often characterized by improper operational parameters.  

In practice all users of the vacuum sewage systems complain that they operate improperly and are very 

energy-consuming. Due to this, there is an urgent necessity to determine a formula for calculation of the 

negative pressure difference in vacuum pipelines. This will help to make the design directives  

more precise. 

On account of the very diverse hydraulic operating conditions of vacuum sewage systems [37,38] 

nobody in the world has yet worked out a mathematical model based on differential equations describing 

a way to calculate of the negative pressure difference along the length of the vacuum pipelines. As is 

known, if differential equations describing an investigated problem are not known, the dimensional 

analysis is applied as the first approach in such cases to solve the problem. By reason of this, the main 

aim of this paper is to present the analysis of results of investigations undertaken to solve this problem 

and to determine the formula for calculation of the negative pressure difference in vacuum pipelines by 

using dimensional analysis. The scope of the paper encompasses the derivation of the formula on the basis 

of empirical investigations performed on the constructed experimental installation of a vacuum sewage 

system for vacuum pipelines with internal diameters of 57, 81, and 102 mm. 
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2. Methodology of Derivation of Structural Equation 

Taking into consideration that the structure types of air-water mix flow are so different and the 

operation of vacuum sewage systems is very dynamic and variable in time [9,10,37], it must be stated 

that the application of the classical mathematical model is currently impossible or at least very hard in 

order to work out a formula for calculation of difference of negative pressure in the pipelines of vacuum 

sewage systems. Due to this, dimensional analysis was applied to determine such a formula [59–67]. 

Basing on the performed investigations [37,38] it was assumed that the difference of negative pressure 

along the vacuum pipeline length depends on the following dimensional variables (Figure 1): 

• Δpvr—difference of negative pressure along the vacuum pipeline length, kg·m−1·s−2; 

• pvzp—negative pressure in the vacuum container, kg·m−1·s−2; 

• d—vacuum pipeline internal diameter, m; 

• L—vacuum pipeline length, m; 

• Qw—water flow rate, m3·s−1; 

• Qp—air flow rate, m3·s−1; 

• ρw—water density, kg·m−3; 

• ρp—air density, kg·m−3; 

• μw—water dynamic viscosity, kg·m−1·s−1; 

• μp—air dynamic viscosity, kg·m−1·s−1; 

• g—gravitational acceleration, m·s−2; 

• k—absolute roughness coefficient, m. 

 

Figure 1. Calculation scheme for derivation of the structural equation. 

The vacuum pipelines in technical conditions are long (usually over 1 ÷ 2 km) and laid underground 

without warm insulation [2], so the temperature of gas (air) and liquid (sewage) is close to the ambient 

temperature. Thus it can be assumed that the gas and liquid temperature is constant along the pipeline 

length and the liquid and air flow is isothermal, i.e., 
p

p
const=

ρ , 
w

p
const=

ρ . The vacuum pipeline length  

L is a sum of lengths of ascending and descending sections which are measured along the axis of the 

vacuum pipeline (Figure 1). The negative pressure difference Δpvr along the pipeline length is directly 

proportional to the pipeline length L. Taking the above assumptions into considerations, one can write 

out a dimensional equation describing the discussed phenomena: 
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In this equation occurs n = 10 dimensional quantities, whose dimensions contain k = 3 basic units:  

m, kg, s. According to Buckingham’s II-theorem, this equation can be transformed into a connection of 

n − k = 7 mutually independent dimensionless parameters π. Three quantities were chosen—μw, d,  

Qw—containing the given basic units and their dimensional independence was checked: 
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Hence a1 = a2 = a3 = 0, b = 1 (they are dimensionally independent). 

A consecutive connection of the remaining quantities with the product of powers of the chosen 

dimensionally independent quantities allowed us to determine the dimensionless parameters π: 
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A substitution of the dimensions of the individual quantities and comparison of the power exponents 

in the basic units of the both sides of consecutive equations (analogically as during checking of the 

dimensional independence of the quantities) enables us to determine the values of the parameters π: 
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According to the Buckingham’s theorem, the dimensional Equation (1) can be written in the form of 

a dimensionless dependence of the parameters π: 

1 2 3 4 5 6 7
( , , , , , , ) 0f =π π π π π π π  (16)

hence 

1 2 3 4 5 6 7
( , , , , , )f=π π π π π π π  (17)

A replacement of the values of π with the terms (9–15) and a rearrangement yields the structural equation: 
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(18)

After the derivation of the structural Equation (18), the experiment was carried out in order to 

determine numerical coefficients for this equation in steady operating conditions of the experimental 

installation of a vacuum sewage system. 

The dimensional variables in the Equation (18): 

• ρw, μw—determine the physical properties of water, 

• ρp, μp—determine the physical properties of air; 

• d, k, L—characterize the object of the investigations, i.e., the vacuum pipelines—these quantities 

are constant; 

• pvzp, Qw, Qp—determine so-called input parameters, enabling the intentional action on the object 

of the investigations—these quantities are controllable and under control; 

• Δpvr—determines so-called output parameter—it is the response of the object of the investigations 

to the input parameters. 

The dimensionless variables in the Equation (18): 

• π1—determines the quotient of the forces evoked by the negative pressure difference to the  

friction forces; 

• π2 and π3—determines the quotient of the forces evoked by the negative pressure to the  

dynamic forces; 

• π4—determines the quotient of the air friction (viscosity) forces to the water friction (viscosity) forces; 
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• π5—determines the quotient of the air flow to the water flow; 

• π6—determines the quotient of the gravity forces to the dynamic forces evoked by the water flow; 

• π7—determines the relative roughness of the internal surface of the pipeline. 

3. Experimental Procedures 

3.1. Description of Experimental Installation of Vacuum Sewage System 

The experimental installation of a vacuum sewage system was built in a laboratory hall at a scale of 

1:1 (Figure 2), within the context of research project WULS No. 50405250012 “Experimental researches 

of hydraulic flow conditions in collectors of vacuum sewage system” [38], funded from Scientific 

Research Committee resources. To build the experimental installation of a vacuum sewage system, 

typical materials and devices were used, being applied to build sewage systems of that type. There were 

used four ROEVAC type emptying knots, mounted at various heights. Two emptying knots were 

installed on the hall floor level and two at the height of 2.0 m over the floor, on scaffolding made of 

montage rails. As it is recommended that vacuum sewage systems be built on flat terrain, the difference 

between the pipelines height levels in the experimental installation was small, at 3.0 m [1,2]. The vacuum 

pipelines of the experimental installation of vacuum sewage system were mounted on appropriately 

prepared scaffolding made of montage rails. The total length of all vacuum pipeline arms was equal: 

• for an internal diameter of 57 mm–96 m; 

• for an internal diameter of 81 mm–44 m; 

• for an internal diameter of 102 mm–42 m. 

At the pipelines with an internal diameter of 57 mm (3) twelve slopes with a height of 0.30 m were 

applied, at the pipelines with an internal diameter of 81 mm (4)—five slopes with the height of 0.40 m, 

and at the pipelines with the internal diameter of 102 mm (5)—three slopes with the height of 0.35 m. 

The number of slopes at the individual vacuum pipelines depends on the height of their position in the 

experimental installation of a vacuum sewage system. 

Figure 2 shows the scheme of the experimental installation of vacuum sewage system. However, 

Figures 3–5 present the main elements that the constructed experimental installation of vacuum sewage 

system (Figure 2) consists of. The observation stands 1a ÷ 6a,b,c,d were made of transparent PMMA 

pipes and the remaining net was made of PVC pipes. The transparent sections of the vacuum pipes served 

to recognize types of medium flow occurring in various conditions as well as to visualize them.  

The transparent container (18), however, prevented from spoiling water at the laboratory hall when  

the vacuum pump was being started as well to supervise its function. The applied vacuum container (2) 

had a capacity of 2.5 m3. The mediums transported in the experimental installation were water and air. 

The installation was able to work both in a closed system and in the open one as well as under the 

conditions of steady and unsteady motion. 



Water 2015, 7 5293 

 

 

 

Figure 2. Scheme of the experimental installation of vacuum sewage system: 1-vacuum 

pump; 2-vacuum container; 3-vacuum pipeline with diameter of 57 mm; 4-vacuum pipeline 

with diameter of 81 mm; 5-vacuum pipeline with diameter of 102 mm; 6-sensor pipe; 

6e,f,g,h-cutoff valve; 7a,b,c,d-interface valve; 8a,b,c,d,e,f-control valve; 9-water pump;  

10-pressure pipeline; 11a,b,c,d-collector well; 12a,b,c,d-air control valve; 13a,b,c,d-electronic 

liquid flow meter; 14a,b,c,d-rotameter; 15-eelectronic meter of absolute pressure; 16-non-return 

valve; 17-throttling valve; 18-transparent container; 19-sewerage drain; 20-liquid supplying 

system cut-off valve; 21-vacuum container negative pressure control valve; 22, 23-vacuum 

pump air cut-off valve; 24-vacuum pump water cut-off valve; 25-vacuum pump working 

control valve; 26-impulse hose, 1a-6d-stand for observation of flow structures; 27a,b-electronic 

meter of pres-sure difference; 28-register of measurement results; 29-electronic termometer. 

The operating principle of the experimental installation of a vacuum sewage system (Figure 2) in 

unsteady flow conditions was following: After the throttling valve (17) had been opened and the vacuum 

pump (1) had been started, a negative pressure arose in the vacuum container (2) and vacuum pipelines 

system (3)–(5). When it reached an appropriate value, which was read at the electronic meter of absolute 

pressure (15), the water pump (9) was started and pressed water from the vacuum container (2) through 

the pressure pipeline (10) to appropriate collector wells (11a,b,c,d). Then the control valve (8f) was 

closed and the control valve (8e) as well as appropriate control valves (8a,b,c,d) were opened.  

The emptying valves were opened automatically in a random way, depending on each collector well 

being filled with water. When an appropriate collector well (11a,b,c,d) was filled with water, the 

appropriate pressure arose in the sensor pipe (6) and was passed through the impulse hose to the 
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pneumatic controller, then the interface valve (7a,b,c,d) was opened and the water from the collector 

well was sucked into the vacuum pipeline net. After the water had been sucked out from the collector 

well, the emptying valve stayed opened for a couple of seconds, and in this time the air was sucked into 

the experimental installation. After the air had been sucked into the vacuum pipeline net, the barometric 

pressure arose in the sensor pipe (6) and was passed through the impulse hose to the pneumatic controller, 

and then the interface valve (7a,b,c,d) was closed. 

 

Figure 3. Emptying knots acc. Figure 2: 3-vacuum pipeline with diameter of 57 mm;  

6-sensor pipe; 6e,f,g,h-cutoff valve; 7a,b,c,d-interface valve; 8a,b,c,d-control valve;  

10-pressure pipeline; 11a,b,c,d-collector well; 12a,b,c,d-air control valve; 13a,b,c,d-electronic 

liquid flow meter; 14a,b,c,d-rotameter; 20-liquid supplying system cut-off valve;  

29-electronic thermometer. 

In steady flow conditions, however, the working principle of the experimental installation of vacuum 

sewage system (Figure 2) was the following: After the throttling valve (17) had been opened and the 

vacuum pump (1) had been started, a negative pressure arose in the vacuum container (2) and vacuum 

pipelines system (3–5). When it reached an appropriate value which was read at the electronic meter of 

absolute pressure (15), the appropriate interface valves (7a,b,c,d) were started with help of the cut-off 

valves (6e,f,g,h) at the distributor. Then the control valve (8f) was closed and the control valve (8e) as 

well as appropriate control valves (8a,b,c,d) were opened. The water pump (9) was started and pressed 

water from the vacuum container through the pressure conduit (10) to appropriate collector wells 

(11a,b,c,d). The air was led into the experimental installation through the rotameters (14a,b,c,d) by 

opening the appropriate air control valves (12a,b,c,d). 
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Figure 4. Vacuum pipelines acc. Figure 2: 3-vacuum pipeline with diameter of 57 mm;  

4-vacuum pipeline with diameter of 81 mm; 5-vacuum pipeline with diameter of 102 mm; 

26-impulse hose, 1a-6d-stand for observation of flow structures; 27a,b-electronic meter of 

pres-sure difference; 28-register of measurement results. 

 

Figure 5. Vacuum station acc. Figure 2: 1-vacuum pump; 2-vacuum container; 5-vacuum 

pipeline with diameter of 102 mm; 8e,f-control valve; 9-water pump; 10-pressure pipeline; 

15-eelectronic meter of absolute pressure; 16-non-return valve; 17-throttling valve;  

18-transparent container; 19-sewerage drain; 21-vacuum container negative pressure  

control valve; 22, 23-vacuum pump air cut-off valve; 24-vacuum pump water cut-off valve; 

25-vacuum pump working control valve. 
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3.2. Methodology of Measurements 

When the changes and difference in the negative pressure along the length of the vacuum pipelines 

had been recognized in unsteady conditions, it turned out that the maximum and minimum values of 

these changes are fairly stable [37,38]. The dependence of the negative pressure and its difference along 

the length of the vacuum pipelines on the negative pressure in the vacuum container is linear. From the 

point of view of the design principles, the maximum changes of the negative pressure difference  

(the emptying valve opening) are more important. The difference of the negative pressure drop in  

long sections of vacuum pipelines in dependence on the negative pressure changes in a vacuum container 

is small and fairly stable. 

Due to this, an experiment was performed on the experimental installation of a vacuum sewage system 

(Figure 2) in order to determine a numerical coefficient for structural Equation (18) in steady conditions 

of operation for the experimental installation. 

The investigations of changes of the negative pressure differences Δpvr along the length of the vacuum 

pipelines in steady conditions for the set absolute pressures pzp in the vacuum container and the air flow 

rate Qp were performed between the measuring points: 1a and 4a for the internal diameter of 57 mm,  

5a and 8b for the internal diameter of 81 mm, 9abcd and 11abcd for the internal diameter of 102 mm 

(Figure 6), when one emptying knot—No. 1 (Figure 2)—was operating. 

 

Figure 6. Expansion of the experimental installation of vacuum sewerage acc. Figure 2:  

1a, …, 11abcd—measuring points on the vacuum pipeline; Wo1, …, Wo4—emptying knot; 

Zp—vacuum container; a, …, abcd—vacuum pipelines; d = 57 mm—vacuum pipeline 

internal diameter. 

Before starting each measuring series (Figure 2) and after starting the measuring devices,  

current barometric pressure pb was read. When this actual barometric pressure pb during the measuring 

series and the absolute pressure pzp in the vacuum container were known, the negative pressure pvzp in 

the vacuum container was calculated. One of the ends of the electronic thermometer (29) was placed in 

the collector well (11a) in order to measure the current temperature Tw of the liquid (water) supplied to 

the system, and the other end was led outside to measure the current temperature Tp of the air supplied 

to the system. The set absolute pressure pzp in the vacuum container and the set air flow rate Qp were 

maintained during the investigations. 

When the experimental installation of vacuum sewage system (Figure 2) had been started, the first 

value of the absolute pressure (pzp = 20 kPa) in the vacuum container was set with the valve (21) and, 
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with use of the electronic meter of absolute pressure (15), we monitored whether the value of the absolute 

pressure remains constant in the vacuum container. Then the first value of the air flow rate  

(Qp = 4 m3·h−1) was set on the rotameter (14a) with the valve (12a) and, after stabilization of the  

hydraulic flow conditions in the system, the following quantities were read: on the electronic 

thermometer (29)—the temperature Tw of the supplied liquid (water) and the temperature Tp of the 

supplied gas (air); on the electronic liquid flow meter (13a)—the water flow rate Qw for the set air flow 

rate Qp; on the electronic meter of negative pressure difference, for every pipeline diameter (switching 

appropriately with the cut-off valves (27b) at the distributor)—the negative pressure difference Δpvr 

along the length of a given pipeline. 

Then the subsequent values of the absolute pressure pzp (25 kPa, 30 kPa, 35 kPa, 40 kPa, 45 kPa) in the 

vacuum container were set for a constant value of the air flow rate (Qp = 4 m3·h−1) and after stabilization 

of the hydraulic flow conditions in the system, the readings of each measuring devices were read. 

When a measuring series was finished, the system operation was stopped. The next measuring series 

was started for the next set value of the air flow rate (Qp = 8 m3·h−1) after the system depressurization. 

The measurements were carried out for the set values of the absolute pressure in the vacuum container 

pzp from 20 to 45 kPa with step 5 kPa and for the set values of the air flow rate Qp from 4 to 40 m3·h−1 

with step 4 m3·h−1. For each pipeline diameter as well as for each set value of the air flow rate and the 

absolute pressure in the vacuum container, nine measuring series were performed. 

The level difference between the measuring points of the negative pressure difference Δpvr for each 

pipeline diameter was also measured. Then the measured values of the negative pressure difference Δpvr 

were corrected with the level difference between the measuring points of the Δpvr. This allowed us to 

obtain a real difference of the negative pressure Δpvr along the pipeline length, resulting only from the 

existing hydraulic resistance during the air-liquid mix flow. 

4. Results and Discussion 

Using the results of the measurements performed in the built experimental installation of vacuum 

sewage system (Figure 2) for steady flow conditions, the dimensionless parameters: π1 (9), π2 (10),  

π3 (11), π4 (12), π5 (13), π6 (14), π7 (15) were calculated from the determined structural Equation (18). 

Depending on the measured temperature of liquid Tw and air Tp, based on the tables [68], the following 

quantities were determined: water density ρw, air density ρp, water dynamic viscosity μw, air dynamic 

viscosity μp. Then, appropriate data sheets were constructed and, with use of the multiple regression 

method and the computer program STATISTICA [69], for the internal diameters of 57, 81, and 102 mm, 

the numerical coefficients were determined for the formula. In order to determine slopes of the  

straight lines, the additive model of the multiple regression was assumed, because the performed 

investigations [37,38] showed that the change of the negative pressure difference Δpvr is of a linear 

character. The additive model can be applied exactly in the case if a trend function is linear or allows to 

transfer to linear function. 

After substitution of the determined numerical coefficients to the structural Equation (18) and after 

reduction of the significant digits on account of simplifications in formula application, finally the 
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formula for calculation of the negative pressure difference Δpvr in vacuum pipelines with internal 

diameters of 57, 81, and 102 mm for the range 0.26 8.4p

w

Q
Q

= ÷  was determined: 

4 4
5

2 2 2 412100 19.33 0.022 85300 380 45 23518000vzp vzp p p w w

vr

w ww pw w w

Lg k

d

p p Q Qd d dp
QQ Q Q d

 
 = − + − + − −  
 

μ μΔ μρ ρ
 

(19)

where, 

Δpvr—negative pressure difference in pipeline, Pa; 

pvzp—negative pressure in vacuum container, kg·m−1·s−2; 

d—pipeline internal diameter, m; 

L—pipeline length, m; 

Qw—water flow rate, m3·s−1; 

Qp—air flow rate, m3·s−1; 

ρw—water density, kg·m−3; 

ρp—air density, kg·m−3; 

μw—water dynamic viscosity, kg·m−1·s−1; 

μp—air dynamic viscosity, kg·m−1·s−1; 

g—gravitational acceleration, m·s−2; 

k—absolute roughness coefficient, m. 

The range p

w

Q

Q
 was calculated according to the performed measurements in the experimental 

installation of a vacuum sewage system (Figure 2). The lower limit of the range was calculated for the 

negative pressure in the vacuum container pvzp = 81 kPa for the set air flow rate Qp = 4 m3·h−1 and the 

upper limit of the range was calculated for the negative pressure in the vacuum container pvzp = 55 kPa 

for the set air flow rate Qp = 40 m3·h−1. 

Figure 7 shows the results of measurements of the negative pressure difference Δpvr and its 

calculations with use of the Formula (19) determined for the pipelines with internal diameters of 57, 81, 

and 102 mm. The functional dependence between the negative pressure difference Δpvr and the vacuum 

container pressure pvzp is of linear character both for the values obtained from the measurements and 

from the calculations with the use of the determined Formula (19). Deviations between the values of 

Δpvr obtained from the calculations and the values of Δpvr obtained from the measurements are small for 

the pipelines with the internal diameter of 57, 81 and 102 mm. The regression type is linear for the values 

of the negative pressure difference Δpvr obtained from the calculations with use of the determined 

formula as well as for the values of Δpvr obtained from the measurements. The trend lines for the negative 

pressure difference Δpvr obtained from the calculations are slightly moved compared to the trend lines 

for the values of Δpvr obtained from the measurements. 

In steady conditions of system operation, the distance between the trend lines (along Y axis) for the 

pipelines with the internal diameters of 81 and 102 mm is small if compared with the distances between 

the trend lines for these two pipelines and for the pipeline with the diameter of 57 mm. This relation 

meets the expectations because, in the pipes with small diameters, the negative pressure differences Δpvr 

along the pipe length are greater than in the pipes with large diameters transporting the same quantity of 
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sewage. In the vacuum pipelines with small diameters, the slopes are closed with liquid, and in those 

with large diameters they are not, so in the pipelines with large diameters the negative pressure along 

their length is more leveled. 

 

Figure 7. Functional dependence between the negative pressure difference (Δpvr) and the 

vacuum container pressure (pvzp) for the data calculated from the empirical formula and for 

the measured data. 

To evaluate the accuracy of the calculation results from Formula (19), the values Δpvr calculated from 

Formula (19) were compared to the values Δpvr measured in the experimental installation of vacuum 

sewage system. It was stated that for the parameters: 

d = 0.057 m; d = 0.081 m; d = 0.102 m; 

55 kPa < pvzp < 81 kPa; 

4.80 m3·h−1 < Qw < 15.40 m3·h−1; 

4.00 m3·h−1 < Qp < 40.00 m3·h−1; 

1.2046 kg·m−3 < ρp < 1.2154 kg·m−3; 

998.2478 kg·m−3 < ρw < 998.5148 kg·m−3; 

1.0113·10−3 kg·m−1·s−1 < μw < 1.0788·10−3 kg·m−1·s−1; 

1.7970·10−5 kg·m−1·s−1 < μp < 1.8150·10−5 kg·m−1·s−1; 

the average deviation of Δpvr does not exceed 18% for the pipeline with an internal diameter of 57 mm, 

9% for 81 mm, and 20% for 102 mm (Figure 7). 

Moreover, an analysis of the left and right side of the Formula (19) was performed and it showed that 

the dimensions of both sides of the formula agree with each other. 
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5. Conclusions 

The changes of the negative pressure difference Δpvr along the length of the vacuum pipelines in 

dependence on the set negative pressure pvzp in the vacuum container are linear. The smaller the vacuum 

pipeline diameter is, the greater the negative pressure difference Δpvr along the pipeline length. The 

dispersion of the measured values of Δpvr is greater if the pipeline internal diameter is smaller.  

This means that the bigger the pipeline internal diameter is, the more stable the flow conditions of the 

medium are. 

The values of the negative pressure difference Δpvr calculated for the vacuum pipelines with diameters 

of 57, 81, and 102 mm with the use of Formula (19) coincide with the values of Δpvr measured in the 

experimental installation of a vacuum sewage system. Bearing in mind that the operating conditions of 

the vacuum sewage system are so very dynamic and diverse, the differences between the measured and 

calculated values of Δpvr can be acknowledged as small. 

The determined Formula (19) can be applied to calculate hydraulic losses (negative pressure difference) 

in the vacuum pipelines with internal diameters of 57, 81, and 102 mm, which are commonly used in 

vacuum sewage systems. 

In order to make the determined Formula (19) for calculation of negative pressure difference in 

vacuum pipelines more precise, further investigations are essential on a rebuilt experimental installation 

of vacuum sewage system, as well as for low (negative) temperatures of the air sucked into the system. 

The application of dimensional analysis allowed us to determine the formula for calculation of the 

negative pressure difference in vacuum pipelines, a formula which, at this stage, solves the problem 

being investigated quite well. Owing to this, it should be assumed that, in the future, it will be possible 

to work out a classical mathematical model for calculations of the negative pressure difference in vacuum 

pipelines based on differential equations. However, this is not currently possible because the current 

knowledge concerning the hydraulic operational conditions of vacuum sewage systems is not complete. 

Further and more detailed experimental investigations on models in laboratories and on real objects  

in the field are necessary to profoundly apprehend the hydraulic operational conditions of vacuum  

sewage systems. 
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