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ABSTRACT 
Centrifugal compressors are often used in industrial 

applications in order to complete different types of processes. 

Despite their large tolerance to process fluctuations they 

cannot operate beyond their stability limit, otherwise surge 

occurs. Surge is dangerous, not only because it leads to 

unstable operating conditions, but also because it causes 

axial force fatigue cycles which can severely damage the 

compressor and its close clearance components. This paper 

exploits a lumped parameter dynamic model to study a surge 

severity coefficient by means of a sensitivity analysis and 

previous experimental tests results, thus identifying the 

geometric dimensions and thermodynamic factors which 

significantly affect surge severity, and thus the risk of 

damage. This paper represents an attempt to evaluate the 

reliability of a surge severity coefficient which potentially 

indicates if, after a surge event, an inspection or maintenance 

are required. 

INTRODUCTION 

The operating range of centrifugal compressors has a 

high flow limit, the stonewall condition, and a low flow limit 

known as surge (Cumpsty, 1989, Boyce, 1993, Japikse, 

1996), which is the most dangerous instability for 

aerodynamic performance and mechanical structure. 

Therefore, during operation it is important that the operating 

point remains to the right of the surge line, i.e. the line which 

separates the stable and unstable region of the compressor 

maps (Shapiro, 1996); for this reason it is common practice 

to use a safety margin to prevent this unwanted flow 

instability. Surge in centrifugal compressors can manifest in 

different ways: mid surge, classic surge (which can be often 

confused with a strong regime of mild surge) or deep surge 

(Cumpsty, 1989). 

If mild surge occurs, the compressor operating point 

begins to orbit around the last stable point achieved during 

operation (usually this point is near the peak of the 

compressor curve corresponding to the operating rotational 

speed, but it also depends on the layout of the piping system) 

generating pressure and mass flow rate oscillations. Different 

regimes of mild surge can be evaluated from the frequency 

and amplitude of these oscillations. On the other hand, if 

deep surge occurs, the pulsations become so strong that 

reverse flow takes place.  

The transient characteristics of surge, especially the 

surge flow frequency and amplitude, are strong functions, not 

only of the compressor design, but also of the associated 

piping system (Sparks, 1983, Botros, 1994). A paper which 

gives a good review and description of the surge 

phenomenon is that of Kurz, et al. (Kurz, et al., 2006). 

Surge causes the deterioration of performance together 

with vibrations and forces (Moore, et al. 2010, Biliotti, et al. 

2015) (Baldanzini, et al. 2016) which can lead to severe 

damage of seals, bearings, and sometimes even of the shaft 

and impellers. In particular, thrust and radial bearings, inter-

stage and dry gas seals, and balance piston are the 

components involved since the strongest surge forces are 

those in the axial direction. The thrust bearing is the element 

that resists the axial forces, and for this reason it is probably 

the most critical component although, as mentioned above, in 

severe cases even the impellers can be damaged.  

After surge events, operators often shut-down the 

machine and evaluate whether any damage has occurred. 

This requires inspection and maintenance (although in some 

cases not necessary), which results in i) loss of production 

(or process downtime), and ii) extra cost due to maintenance. 

Thus, allowing the user to determine whether an accidental 
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surge event causes sufficient damage to require inspection, 

repair, or part replacement, is crucial. 

In this paper, an existing lumped parameter dynamic 

model, developed by Munari, et al. (Munari, et al., 2018) in 

the Matlab/Simulink environment, and validated through 

comparisons with experimental data, is used to evaluate the 

system parameters which affect the severity of surge. Surge 

severity is thought of as potential damage to the compressor 

and compressor components (such as the thrust bearing) due 

to surge axial forces. Simulations are carried out to analyze 

the performance of a two-stage centrifugal compressor 

typically used for a pipeline process. A surge severity 

coefficient, Γ, which was defined by Brun, et al. (Brun, et al., 

2018) is analyzed by means of a sensitivity analysis of 

simulations and previous experimental test results, by 

identifying the geometric dimensions and thermodynamic 

factors which significantly influence surge severity, and thus 

the risk of damage. The aim is i) to provide qualitative 

information on the system parameters that aggravate surge, 

and ii) to verify the reliability of Γ. 

SURGE SEVERITY 

When surge occurs, all the structures of the system and 

subsystems can be damaged. Different degrees of surge 

generate different forces on the mechanical and aerodynamic 

structures, therefore, there is a need to evaluate whether a 

given surge event actually damages the compressor 

components or not.  

To find the answer, the identification of the significant 

parameters, suspected to lead, or resist, compressor surge can 

be very useful. The point is essentially to categorize the 

restorative and causative physical quantities that most affect 

the potential damage of a surge event. A preliminary attempt 

was recently proposed by Brun, et al. (Brun, et al., 2018) 

who obtained a non-dimensional severity index, see eq. (1), 

based on by a simple energy conservation analysis by 

heuristically rearranging “restorative” and “causative” 

factors of surge.  
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 (1) 

 

The index expressed in eq. (1) was also formulated on 

the basis of field observations and recorded data. It is a 

function of the discharge volume VP, the pressure difference 

across the compressor Δp, the compressor differential 

enthalpy, Δh, the rotor mass, Mrot, and the thrust bearing 

stiffness, k, and clearance, s. Despite the great advantage that 

it may offer, and the fact that it seems to correctly consider 

the main quantities involved in the process, its validity 

cannot be proven yet. This paper aims to evaluate the 

reliability of Γ and presents a sensitivity analysis to verify 

the effect of the parameters written in eq. (1). 

TEST CASE AND MODEL 

This work is based on the results obtained at the SwRI 

test facility (Brun, et al., 2018) whereas the model was 

developed by Munari, et al. (Munari, et al., 2018). 

Test case 

The test case is a two-stage centrifugal compressor with 

two radial impellers and two vaneless diffusers, tested in a 

complex test rig built to lead the compressor toward 

instability conditions and to analyze the unstable response of 

the machine. The sketch of the piping system is reported in 

Fig. 1. It consists of an open loop circuit with an inlet duct, 

into which air enters at ambient conditions; it is followed by 

the compressor and an outlet duct that leads to a control 

valve (CV001). The rest of the test rig, not visible in Fig. 1 

(only the main part of the system is shown in in this paper), 

is made of a scrubber, a cooler with a bypass, and an exit 

duct which leads to the atmosphere. Pressure transducers and 

temperature probes are located along the circuit. This test 

bench was also instrumented with three load cells, installed 

on the thrust bearing of the compressor rotor, in order to 

record data on the forces generated by surge. 

 

Figure 1 - Layout of the test rig (Brun, et al., 2018) 



 

3 

Model 

The piping system was modelled by means of the bond 

graph approach (Brown, 2006) and was implemented in a 

Matlab/Simulink environment. The combination between the 

approach and the software used gives great modularity to the 

model which is thus able to adapt to several piping 

configurations. As mentioned, the model was fully described 

and validated in Munari, et al. (Munari, et al. 2018), for this 

reason, in this paper, only a brief recap of the main 

characteristic is presented. 

The model aims to simulate the thermodynamic 

operating condition (stable and unstable) of the compressor 

with the final target of estimating the axial force generated 

during surge. Thus, it can be divided into two parts: 

“thermodynamic part”, and “mechanical part”. 

Regarding thermodynamics, the model layout is depicted 

in Fig. 2. It is a lumped parameter dynamic model in which 

the main elements are an inlet valve (used to simulate 

pressure drops at the intake duct inlet), a duct (used to take 

into account the inertance effect and distributed pressure 

drops), the compressor, a plenum (modelled as an energy 

storage) and an outlet valve (to simulate the control valve of 

the facility and the pressure drops of the rest of the real 

system). Each element is modelled by means of a specific 

bond graph which is designed based on the characteristics of 

the element itself. 

The compressor configuration can be chosen depending 

on the availability of the performance curves. If only the 

overall maps of a multistage compressor are available, the 

compressor module estimates the performance maps of each 

stage, in direct and reverse flow, otherwise, it uses the single 

stage curves provided as inputs. 

Once the inlet and outlet thermodynamic quantities 

(mass flow rate, pressure and temperature) are calculated, the 

“mechanical part” of the model calculates the axial force 

acting on the thrust bearing. The axial force calculation was 

made by modelling each impeller, and the rotor-bearing 

system, as shown in Fig. 3.  

 
 

Figure 2 Layout of the thermodynamic part of the 
lumped parameter model (Munari, et al., 2018) 

 

The fluid-dynamic force generated in the impeller is the 

result of different contributions: the suction static pressure, 

discharge static pressure, pressure along the gaps (shroud and 

hub), momentum and balance piston. The resultant fluid-

dynamic force (in normal conditions it is oriented against the 

flow direction) acts on the rotor-bearing system which is 

modeled as a mass-spring-damper system with harmonic 

excitation. This way it is possible to calculate the actual force 

acting on the thrust bearing. 

RESULTS 

In this paper the axial forces at 12,000 rpm are shown as 

case reference. Figure 4 illustrates a comparison between the 

experimental data recorded during tests and the simulations. 

It can be noted that the model effectively predicts both the 

mean value and the peak-to-peak values of the force. This 

comparison confirms the high fidelity of the model despite 

its very low computational cost (the thermodynamic 

simulation lasts about 20 s, whereas the mechanical 

simulation only 1 s). 

At 12,000 rpm the model presents an error of 12 % 

relative to the mean value, and 4 % relative to the peak-to-

peak value. 

Since the model was shown to predict compressor 

performance and axial force with an acceptable degree of 

error, during both stable conditions and surge events, it can 

be used to carry out a sensitivity analysis. 

 

 

Figure 3 Layout of the mechanical part of the lumped parameter model 
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Figure 4 Axial force at N=12,000 rpm during mild 
surge: comparison between experimental data and 

simulations 

 

SENSITIVITY ANALYSIS 

The dynamic model was used to carry out a sensitivity 

analysis by changing the parameters of the surge severity 

coefficient. Each simulation was carried out using the same 

methodology: surge was generated in the model by closing 

the outlet valve until instability started to occur, then the 

valve closure was stopped -  the results may differ in the 

event of further closure of the valve. 

Two important parameters, the tip radius of the impeller 

and the clearance of the bearing, will not be treated here for 

two different reasons. 

The radius, r, cannot be arbitrarily varied in the model, 

as this would cause a significant modification to the 

compressor performance curves, which are developed in the 

model using the Moore and Greitzer cubic law in the 

unstable region of the maps (Moore and Greitzer, 1986). 

Therefore, a sensitivity analysis on the parameter r would 

lead to meaningless results which could not be considered 

reliable (also in real compressors, a different radius of the 

impeller may affect compressor curves in both stable and 

unstable regions of the maps). 

Differently, the sensitivity analysis of bearing clearance, 

s, is not shown, for the sake of brevity. In fact, the increase 

of this parameter always allows a lower level of potential 

damage on the bearing, not reducing the axial force, but 

increasing the maximum elastic force of the bearing. 

The first parameter studied is the stiffness of the bearing, 

k, at 12,000 rpm. Figure 5 shows the maximum elastic force 

of the bearing, Fel,max peak-to-peak force, Fpeak-to-peak, and 

maximum peaks of the force on the bearing Fpeak,max. The 

simulations were done for both mild surge (Fig. 5a) and deep 

surge (Fig. 5b) – mild surge was simulated using the piping 

system of the test facility, whereas deep surge was simulated 

by setting a plenum volume, VP, of 1 m3. In mild surge, Fig. 

5a, it is evident that k does not show a great effect on the 

forces (however, these results may change with different 

regimes of surge since the response of the system strongly 

depends on the excitation force amplitude and frequency).  

Figure 5a also shows that a minimum value is required 

to ensure a limit value of the maximum elastic force, Fel,max 

to resist the surge force.  

In deep surge, Fig. 5b, the force amplitudes are stronger 

and the effect of the stiffness becomes visible. In general, the 

higher the stiffness, the lower the risk of deformation or 

destruction of the bearing – this is mainly due to the increase 

in the maximum elastic force of the bearing. 

Regarding the mass of the rotor, Mrot, analyses in mild 

surge (at 12,000 rpm, not shown in this paper) revealed that, 

similarly to the stiffness, there is not a significant effect on 

the force (as for the results of Fig. 5, it must be noted that the 

response of the system may change with a different degree of 

mild surge). 

However, deep surge conditions generate different 

results, see Fig. 6. Apparently, the higher the rotor mass, the 

more critical the system.  

 

 

a 

 
 

b 

 
 

Figure 5 Axial Force values obtained by varying the 
baring stiffness @ N=12,000 rpm: mid surge (a); 

deep surge (b) 
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Figure 6 Axial Force values obtained by varying the 
rotor mass @ N=12,000 rpm in deep surge 

 

In particular, the maximum peaks increase until a 

determined mass value (about 500 kg) and then it starts to 

decrease slightly. Simultaneously, a strong decrease in the 

minimum peaks occurs as well – minimum peaks even 

become negative after a certain value of Mrot; this is highly 

dangerous for thrust bearing operation and integrity. 

This variation in the peaks, in terms of absolute value, 

can be explained by the different natural frequency of the 

system, and thus a different amplification of the forces (Den 

Hartog, 1956). 

As mentioned, the effect of the plenum volume, VP, was 

also investigated. Figure 7 shows that the higher the volume, 

the higher the force because the surge degree changes from 

mild to deep (actually, at very low values of VP, surge was 

not encountered). In the deep surge region, the maximum 

peaks show a slight increase and subsequently remain quite 

stable since the limit surge cycle is achieved. The minimum 

peaks instead decrease with an increase in volume, but 

subsequently slightly increase again and remain quite stable.  

Therefore, the volume seems to have, as expected, a 

great influence on the force during surge, but once the limit 

surge cycle is achieved, the increase in VP does not show a 

significant effect. 

Finally, Fig. 8 plots the trends of the force peaks as a 

function of Δp (Fig. 8a) and Δh (Fig. 8b). As expected, the 

increase in differential pressure, Δp = pdisch – psuct leads to an 

increased force, since the surge becomes more severe. The 

trend may be approximated as linear. 

The rise in enthalpy, Δh=hdisch-hsuct, if studied as a stand-

alone parameter, shows a very similar effect confirming that 

the increased rotational speed of the compressor can lead to 

higher force. Indeed, the differential pressure can be related 

to the variation in rotational speed, Δp = Δp (N), and the 

same can be said about the head, or the enthalpy difference 

Δh= Δh (N)). Nevertheless, the next paragraph will discuss 

the plot of the severity index throughout the simulations and, 

explain how the enthalpy rise can be seen in a different way, 

i.e. as a restorative parameter. 

Surge severity index assessment 

Based on the sensitivity analysis it is possible to study 

the effect of the parameters introduced in the surge severity 

coefficient proposed by Brun et al (Brun, et al., 2018). The 

aim of this parametric assessment is to show the variation of 

the surge severity index, Γ, as a function of its parameters.  

 

 
 

Figure 7 Axial Force values obtained by varying the 
downstream volume @ N=12,000 rpm 
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Figure 8 Axial Force values obtained by varying the 
rotational speed N, i.e. the Δp (a); and Δh (b) 
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Figure 9 depicts the trend of Γ as a function of the 

bearing stiffness, k.  

It is clear that, also according to Fig. 5, an increase in k 

leads to a reduction in Γ. This is confirmed by the curve of 

Fel,max-Fpeak,max, plotted in Fig. 9, which inherently 

demonstrates that the higher the maximum elastic force of 

the bearing, the less dangerous a surge event is. Therefore, 

the position (denominator) of the parameter k on the 

formulation of Γ is consistent with what is found in 

simulations. 

Interesting information can be obtained by observing the 

variation in Γ as a function of Mrot (Fig. 10). The formulation 

of Γ implies a decreasing trend, as a consequence of the rotor 

mass increase, which does not match the results of the model, 

in terms of peak-to-peak force.  

The discrepancy is caused by i) the simplistic 

formulation of Γ that only considers Mrot as a restorative 

factor (the higher the mass, the greater the force necessary to 

move it); and ii) the fact that the model does not consider any 

loss of friction, but only the interaction with the bearing 

(stiffness and damping).  

 

 

 
 

Figure 9 Surge severity values obtained by varying 
the bearing stiffness k 

 

 

 

Figure 10 Surge severity values obtained by 
varying the rotor mass Mrot 

 

The relation between the discharge volume, VP, and Γ, is 

shown in Fig. 11. The figure considers values of VP which 

generate mild surge (up to 0.22 m3) and deep surge (from 

0.22 to 0.5 m3). 

It can be seen that, although the trends do not perfectly 

match, the severity coefficient is in agreement with the 

model results, in terms of Fpeak-to-peak (the bigger the discharge 

volume, the higher the force generated in surge). However, 

as shown in Fig. 7, beyond a certain value of VP the limit 

surge cycle is achieved and thus the resultant force remains 

quite constant, even by further increasing the volume. This 

means that the current formulation of Γ needs to be slightly 

corrected in order to consider this phenomenon. 

The effect of the differential pressure and differential 

enthalpy is now discussed.  

As seen in Fig. 8, the force amplitude is proportional to 

both, Δp and Δh. In fact, Fig. 12a shows how the surge 

severity coefficient increases as a function of Δp - this trend 

is in agreement with the peak-to-peak force curve and 

highlights that Γ successfully evaluates the effect of the 

differential pressure on the force. 

The relation of Γ with Δh (not shown here) is very 

similar to that of Δp, and thus the conclusion would be that 

the increase in Δh leads to higher surge severity. This is only 

partially true, since the phenomenon has to be considered 

more accurately, by coupling the effect of Δp and Δh 

together. 

If Γ is plotted as a function of ratio between the 

differential pressure and the enthalpy rise, as in Fig. 12b, it 

can be seen that the trend of peak-to-peak force agrees with 

the curve of Γ, and thus, the higher Δh is with respect to Δp, 

the weaker the effect of surge is on the structure. 

 

In light of the parameterization assessment shown, it 

appears that the severity coefficient can be considered to be a 

reliable indication of the potential damage to a compressor 

due to a surge event. However, the analysis demonstrates that 

Γ still requires some adjustment since its current form does 

not fully match the results of the model, which was instead 

validated by means of experimental data. 

 

 
 

Figure 11 Surge severity values obtained by 
varying the downstream volume VP 
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Figure 12 Surge severity values as a function of the 
differential pressure Δp (a); and the ratio Δp/Δh (b) 

 

SUMMARY AND CONCLUSIONS 

This paper uses the results of a dynamic model, which 

was validated in a previous work by the authors, to carry out 

a sensitivity analysis by varying the parameters of a surge 

severity coefficient, Γ.  

The model is divided into thermodynamic and 

mechanical parts, and is able to simulate surge in different 

types of piping systems with different types of compressors. 

The aim of the model is to estimate the axial force generated 

during surge. 

This evaluation was performed using a surge severity 

coefficient Γ, which is a non-dimensional parameter 

proposed by Brun et al, simply obtained by observing the 

experimental data and rearranging the terms that would affect 

the damage due to surge the most. 

 

The sensitivity analysis was carried out by launching 

several simulations and varying some of the coefficients 

written in the surge severity coefficient. Each simulation 

reproduces a surge event. The aim was to verify the 

reliability of Γ in estimating potential damage by interpreting 

the results of the sensitivity analysis. 

 

The results showed the effectiveness and reliability of Γ: 

• The increase in stiffness did not show significant effects 

on the force, in mild surge conditions, but led to an 

increase in the maximum elastic force of the bearing, 

which ensures safe operation of the bearing and 

mechanical structures of the compressor - the potential 

damage is reduced. It is important to highlight that the 

results in mild surge conditions may vary in case of a 

different regime of mild surge and different 

characteristics of the mechanical system components. In 

deep surge, the results are similar but with different 

absolute values of forces. The surge severity coefficient 

was shown to have a trend which agrees with the results 

found from the simulations: the higher the stiffness, the 

lower the potential damage. 

• The increase in differential pressure, Δp, between the 

discharge and suction side leads to an increase in the 

maximum peaks and peak-to-peak values of force in 

surge conditions. The surge severity coefficient 

increases as well and with a very similar trend, 

confirming that the potential damage increase. 

• The increase in enthalpy rise, Δh, leads to an increase in 

force, similarly to what happens with the differential 

pressure. However, this parameter has to be analyzed 

together with the differential pressure to evaluate its 

correct role on the system. It was shown that the plot of 

Δp/Δh demonstrates that the increase in Δh has the 

effect of reducing the value of Γ. 

• The increase in discharge volume, VP, leads to an 

increase in force due to the increasing degree of surge, 

from mild to deep. This trend is confirmed by the 

increase in Γ as a function of the volume. However, 

when the limit surge cycle is achieved, a further 

increase in VP no longer affects the results - Γ does not 

take this fact into account. 

• The increase in rotor mass, Mrot, does not have a 

significant effect on mild surge, but this consideration 

cannot be taken as a general rule since the phenomenon 

depends on many factors (interaction between 

mechanical system and fluid-dynamic force generated 

by the surge event). On the other hand, in deep surge 

conditions, the increase in Mrot progressively leads to 

lower negative peaks of forces and higher peak-to-peak 

values. This is in contrast with the trend of Γ which 

instead predicts a reduction in surge severity. This 

disagreement may be due to the assumption of the 

model, which does not consider any friction force 

necessary to move the rotor. However, the formulation 

of Γ needs to be improved since it does not currently 

consider any interaction effect between the rotor mass, 

the stiffness and the damping of the bearing. 

 

The surge severity coefficient still has a simple and 

preliminary formulation, but based on the result of this paper 

seems to have great potential. Future works will involve the 

trial to formulate a complete mathematical and physical 

justification of this parameter in order to overcome the 

current limitations. 
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NOMENCLATURE 

F - force 

k - axial thrust bearing stiffness 

m - mass of the rotor 

N - rotational speed 

p - Pressure  

r - impeller tip radius 

s - axial thrust bearing normal operational clearance 

VP - compressor discharge flange to check valve volume 

∆h - compressor enthalpy rise (head)  

∆p - pressure difference across compressor 

Mrot – rotor mass 

 

Subscripts 

ax - axial 

el - elastic 

meas - measured 

st – static 

disch - discharge 

h - hub 

sh - shroud 

in - inlet 

out - outlet 

pis - balance piston 

suct - suction 

max - maximum 

min - minimum 

peak - peak datum (force) 

peak-to-peak -  

raw - raw data 

filtered - filtered data 

simulation - simulation data 
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