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1. Introduction 
One of the main research fields of the Department of Hydraulic Machinery of the 
Budapest University of Technology and Economics is the determination of flow 
parameters in large pipe systems, involving two major issues; the investigation of 
steady operation and the prediction of their behaviour under transient conditions. The 
investigation of stationary flows is mostly applied in the design phase of a new pipe 
network or when adjusting an existing system to new demands. Unsteady or transient 
flows are such processes that are distributed in time and space and they take place 
between two (different) steady-state operating stages. Commonly encountered 
transient processes are e.g. the start or the shutdown of a hydraulic system. In this case 
the primary aim of the investigation is the verification of the system with respect to the 
pressure peaks, unacceptably high velocities or critical frequencies and to suggest 
modifications to prevent exceeding these dangerous values. 
For the safe operation of a pipe system it is necessary to have knowledge of its 
behaviour during transient processes. In the case of systems that are properly designed 
for steady flow, even a small change in the operation conditions – even for a short time 
– may lead to overload. The sudden change of pressure and the propagation of 
pressure waves in the system may result in the damage of the pipe system, in extreme 
cases to pipe breaking (e.g. urban water supply system). These overpressures and 
surges induce not only financial and technical damages but may lead even to 
environmental catastrophes (e.g. oil transmission lines, power plants, chemical 
systems, etc.); therefore it is essential to reconstruct and update the network based on 
the investigation results. 
The experimental validation is impossible in the case of most systems as during the 
verification the system may be damaged or simply because the system does not exist 
yet (only in the project drawings). The solution is the use of mathematical methods. To 
build a mathematical simulation system, the behaviour of the pipe system elements are 
to be studied and the connection between the hydraulic parameters (pressure, velocity, 
etc…) are to be computed with the help of the mathematical models. The analytical 
solution of such a ‘virtual system’ – already in the case of a few simple elements – is 
rather cumbersome, highly non-trivial (if possible at all using the current mathematical 
methods), therefore the solution is obtained with numerical techniques. At the 
Department of Fluid Machinery such a numerical code has been developed to study 
hydraulic parameters in large pipe networks in steady and unsteady state. 
Check valves are widely used elements of pipe systems, which protect the system 
against back-flows. Check valves are commonly built in at the discharge flange of 
pumps, where the check valve prevents backflow through the pump. Without the check 
valve a not-driven pump may operate as a turbine and in this case its revolution 
number likely exceeds the nominal value leading to damage. 
Check valves are hydraulically-mechanically operating self-acting valves. An 
eccentrically shafted disc (valve body) closes the valve against back-flow. In the 
‘normal’ direction the pressure difference opens the disc; its eccentricity and an 
external mass load close it in the other direction. During transients an improperly 
designed check valve can cause system malfunction. An important problem of 



designing check valves is to prevent the hydraulically slow closure. This means that if 
e.g. a pump is shut down and begins running out and the valve closes too slow, the 
evolving backflow slams the disc (like the wind slams the door), which leads to a 
closure during nearly zero time. According to the theory of Allievi, this results in 
extremely dangerous pressure peaks. 
The mathematical – mechanical model of check valves for steady flow is elaborated 
and experimentally verified. The behaviour of check valves in transient or periodic 
flows is less worked out; the existing theories are mostly based on the stationary 
models with simple transient approximations. The results of transient simulations have 
shown that the previous mathematical model (based on the theory of Fűzy and 
Csemniczky) built into the hydraulic simulating system at the Department of Fluid 
Machinery of BUTE fails to capture the dynamics of the real system, notably it tends 
to oscillate and in some cases the simulation is unstable. This instability occurred only 
in the simulations, the check valve of the real pipe system operated also in these cases 
properly. 
The aim of the investigations was to develop a new simulation model of check valves, 
which describes the behaviour of check valves during transients more accurate and 
with higher fidelity. The basis of the new model is the earlier model, described by 
Fűzy and Csemniczky.   
After studying the literature, numerous related results were found. One of the most 
important publications was the simple theoretical formula of Lewinsky-Kesslitz to 
estimate of the maximal backflow velocity, which slams the valve, after the pump in a 
supply system stops. This velocity determines the primary pressure peak in the system. 
The later publications mostly give formulae for the case of full closure. The research 
group of Delft Hydraulics under the supervision of Provoost investigated several back-
flow preventing armatures and introduced the “dynamic characteristics” for their 
classification. The dynamic characteristics indicate the dependence of the maximal 
back-flow velocity on the deceleration of the liquid column characterising the system. 
The primary aim of these models is the estimation of the first pressure peak during a 
transient process induced by the run-out of pump. 
In many cases not only the pump run-out but the change of the operation can lead to 
considerable pressure oscillations in the system. When investigating a large pipe 
network (looped (interlaced) networks as e.g. urban water supply networks) the 
interaction of the elements after a relative small change can grow into a dangerous 
pressure peak. The simulator system, developed at the Department of Fluid Machinery, 
is capable of not only estimating the pressure peaks in large pipe networks but also 
predicting the change of pressure and velocity distribution in the whole system during 
the transient process. Therefore, in order to fit additional elements into the simulation 
system, it is needed to develop such models (e.g. pumps, pipe sections, valves), which 
can follow the change of physical quantities during unsteady processes. The earlier 
check valve model was developed according this, but the calculated results differed 
from the measured ones significantly. According to the simulation, the valve body 
starts to swing after the change of point of operation of the system, while the real 
system rapidly obtains the new stationary operation. When simulating a pipe system 
which contains several check valves along a pipe, the computation results in self-



excited oscillations of the valve bodies even in steady flow, while in the real system 
these oscillations were never encountered.  
 

2. Methods 
Studying the literature has shown, that the best basis of description of behaviour of 
check valves under transients would be the earlier model developed by Fűzy and 
Csemniczky, after some improvements. We wanted to develop a new model based on 
experimental investigations which reveal the failures of the earlier model.  
To investigate the real behaviour of check valves under pressure surges, measuring 
equipment has been built, which makes it possible to record the change of hydraulic 
quantities during transients. 
The results of experiments and simulations have been compared. This requires that the 
computational scheme of the measuring equipment is built up and that the parameters 
of the pipe elements have been determined experimentally. After simulating with the 
earlier check valve model the time histories of the same calculated and measured 
quantities (pressure, flow rate, opening angle) were compared. This comparison has 
shown the “weaknesses” of the old model and the headway of the necessary 
development. When comparing the results and passing judgements, it is important to 
take into account that the numerical errors include not only the problems of the check 
valve model, but also the imperfection of mathematical models of other system 
elements (e.g. pump, pipe, etc.).  
As a next step all the torque components of the check valve model have been 
theoretically or/and experimentally validated. We tried to expand the formulae 
determined for steady flow for using in transient simulations. These improvements 
were based on the recommendations published in the literature of theoretical and 
experimental investigations of back-flow preventing armatures.  
The check valve model of the simulation system has been replaced with the new one, 
and the measured transient processes were re-simulated. After each modification, the 
numerical results were re-compared with the experimental ones and decision was 
made whether the modified model needs refinement or is accurate enough for the 
practical use. 
For data acquisition and processing of measured data the LabVIEW graphical 
programming equipment was used, symbolic mathematical calculations were done 
with Maple V mathematical package, while the transient simulation has been 
completed with the transient simulator developed at the Department of Fluid 
Machinery by modifying its source code.  

3. Results 
The subject of this dissertation is the development of an improved check valve model 
for the calculation of transient processes in large pipe networks. The research resulted 
in the solution of several technical and theoretical problems, which led to new 
scientific improvements. 



Thesis 1. 
Measuring equipment has been constructed to experimentally investigate the 
behaviour of check valves during the change of operation between two steady 
states. With the help of this test rig, it is possible to induce three qualitatively 
different transient excitations. The registered time histories of hydraulic 
quantities were post-processed by using a self-developed filtering algorithm. 
The measuring equipment makes it possible to study unsteady processes between 
steady states. The time scale of the excitation is at least one order of magnitude less 
than that of the hydraulic system. The duration of the transient process is about 1 
second, after that the system stabilizes in the new point of operation.  
 

Thesis 1.a. 
Three different kinds of transients can be induced on the measuring 
equipment, while the rapidly changing characteristic quantities of the flow 
are recorded on a computer. 
After the onset of excitation in the test section, the rapidly evolving transient 
process ends in a new steady flow. The first possible method to excite the 
system is to suddenly change the external mass load of the check valve i.e. by 
cutting off an additional mass, which results in the opening of the valve. The 
second method is opening (again suddenly) a bypass pipeline. When this bypass 
is opened before the check valve (corresponding the main flow direction), the 
flow rate of the check valve decreases, the valve closes. When the bypass 
located after the check valve, after the opening the flow rate increases, the valve 
opens. The problem of sufficiently rapid opening (which can be mathematically 
replaced by a step excitation) is solved by piercing a foil. 
The characteristic quantities of the flow change rapidly during the short-time 
transient process. These rapidly changing quantities we picked up with 
electronic sensors. The relevant quantities are the opening angle of the valve, its 
pressure drop and flow rate, and pressure in the test section before and after the 
check valve. The signals of the transducers were recorded on a data acquisition 
PC. 
Thesis 1.b. 
The data recorded during the transient experiments was evaluated digitally 
on the computer and to improve the its quality, a new filtering method was 
applied. 
The recorded signals of the transducers are noisy, during evaluation the noise 
must be eliminated from the signal. In the case of digitally sampled time 
histories the usage of digital filtering is obvious. When using the built-in 
recursive filtering algorithms of the LabVIEW package, a time-shift between 
the histories was found, which depends on the type and order of the filter and on 
the cutting frequencies. To eliminate this time-lag, we used a new filtering 
method. After calculating the spectrum of the time history, the amplitude of the 



unwanted frequencies was cut and finally using inverse-Fourier-transformation 
the filtered history was calculated. The frequencies of hydraulic noise were 
determined with comparison of spectra recorded during transient processes and 
in steady state. Using this new algorithm the filtered histories are synchronous 
with the recorded ones and the relevant signal components could be separated 
from noise. 

Thesis 2. 
We investigated the hydraulic breaking torque acting on a rotating disc in viscous 
fluid. The steady flow formula was extended to render it applicable for the case of 
check valves. 

Thesis 2.a. 
The formula of hydraulic breaking torque given for a rotating plate in 
viscous fluid around its symmetry axis has been experimentally verified. 
The experiments have shown that this formula can be used for the 
calculation of transient (accelerating) processes. 
One of the torque components in the earlier check valve model was the 
hydraulic breaking torque based on the formula given by Lewinsky-Kesslitz 
(Lewinsky-Kesslitz, H.P.: Über die Dynamik der Rückschlagklappe, Österreichische 
Ingenieur-Zeitschrift, 5. Jahrgang, 3/1961, pp. 185-191). This torque has been 
theoretically determined by integrating the elementary torques of the dynamical 
pressure arising from the rotation: 
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This formula is valid for symmetrically shafted disc without flow. This formula 
was experimentally validated by rotating a disc in a pipe section in resting fluid.  
During the acceleration process we investigated the change of angular velocity; 
the maximal angular acceleration was 2max 7,5 rad

sε ≈ . The comparison of the 
experiment and analytical solution of the describing equation has shown, that 
this formula can be also used when describing the acceleration process. The 
experimental investigation of check valve under pressure surges has shown that 
the angular acceleration in the case of check valve was in the same order. 
Thesis 2.b. 
An improved formula was derived to calculate the hydraulic breaking 
torque in the case of check valve, modelling the valve body as an 
eccentrically shafted disc. 
The theory of Lewinsky-Kesslitz was adapted for the case of eccentrically 
shafted disc. The modified formula of the hydraulic braking torque for the case 
of check valve is: 
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Thesis 3. 
The formula of hydraulic opening torque determined in steady flow was extended 
to use for changing opening angle. 
It is known from the literature that the steady-flow behaviour of check valves can be 
described with two experimentally determined characteristics depending on the 
opening angle. These are the torque coefficient ( )( )Kξ ϕ  and the drag coefficient 

( )( )ξ ϕ . In the case of commercial check valves built into industrial plants these are 
the only known characteristic quantities of the check valves. The hydraulic behaviour 
(pressure drop and hydraulic torque) of check valves in steady flow can be described 
with the following equations:  

( ) 2'
2
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( ) 3 'h M
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Any improvement in modelling the behaviour of check valves in transient flow should 
be based on the practical fact that these two characteristics are the only known 
parameters. These dimensionless coefficients (torque and drag) take the fact into 
account that by changing the opening angle, the velocity distribution around the valve 
body rearranges. By considering an idealized relative velocity field originating from 
the main pipe flow and the rotation of the valve body, the hydraulic opening torque is 
calculated as the result of pressure distribution around a body with simplified 
geometry, i.e. a disc. If this theoretically derived formula for unsteady calculations is 
restricted to resting valve body (i.e. 0ω = ), the above formula for steady-flow theory is 
re-gained. According to this comparison, we constructed a new formula for hydraulic 
opening torque, which uses the steady flow characteristics ( ( )Kξ ϕ  and ( )ξ ϕ ) of check 
valve for computing transient processes: 
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Thesis 4. 
By taking the mass of the attached accelerating fluid into consideration, the 
accuracy of the calculations was improved. 
There are several publications, which describe the behaviour of accelerating plates 
(e.g. check valves) in viscous fluid and suggest that an additional accelerated mass 
representing the rotated fluid should be taken into account. This additional mass must 
be also accelerated and decelerated when the rotational speed changes and this way, it 
increases the total moment of inertia of rotating parts of the check valve. This idea was 
improved in our check valve model by considering that the valve has an asymmetric 
body. This results in that the valve body whirls different mass of fluid during 
acceleration depending on its direction. In our case the mass of the accelerated fluid 
depends on the rotational acceleration of the valve body. As the value of the moment 
of inertia is positive, the acceleration direction has the same sign as the sum of torque 



components acting on the valve body. Therefore the moment of the inertia can be 
determined with the following formula: 
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4. Application of results 
The result of our investigation is an improved check valve model to describe its 
behaviour in transient flow. The numerically discretized equations of this model were 
built into our simulation system. 
The experimentally recorded three different transient processes on the measuring 
equipment were numerically simulated; the comparison of measured and calculated 
results are in good agreement. 
As the model needs only the steady flow characteristics of check valves (provided by 
the manufacturer in catalogues), this makes it possible to apply not only the well-
known check valve of our measuring equipment but every commercial check valves. 
The determination of hydraulic breaking torque acting on a plate rotating in viscous 
fluid was the subject of an additional research, published soon in a diploma work.  
The measuring equipment is also used for educational activities of the Department, 
such as measuring techniques of transient processes and data processing. The 
educational material has been expanded by the equipment and the results of our 
investigations.  

5. Further improvements 
The measuring equipment enables the investigation of check valves during transients 
between two steady states; however, studying sudden closure after pump run-out – 
water hammer – is not yet possible. The earlier simulation – with the model of Fűzy 
and Csemniczky – resulted in good agreement for this case (water hammer), 
presumably the new model describes this case also more accurately. Currently, a tank 
is being installed over the laboratory’s base, which allows checking run-outs of a pipe 
system conveying water to a reservoir at a higher geodetic point. 
For the numerical simulations, the whole measuring equipment was modelled. The 
difference of measurements and experiments originates not only from the 
shortcomings of the check valve model but also from those of other system element 
models. A considerable difference was detected in the case of the pump model. For a 
better comparison it is suggested that either a revised and improved pump model 
should be included or the system should be supplied from a high level reservoir. 
Another solution of this problem is that not the whole measuring equipment is to be 
modelled but only the pipe section containing the check valve. In this case the 
boundary conditions of the simulation are the measured pressure and flow rate 
histories. For this, a flow meter is needed which is capable of measuring under 
unsteady conditions accurately.  
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