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Abstract: Influence of the volute design parameters on the stable operating range and the performance 

of a centrifugal compressor was investigated experimentally for the following design conditions. The 

volute casing surface roughness was changed from 0 to 200 µm in five steps and tested. The axial 

distance between the casing and the diffuser cascades (clearance) was varied in five steps as C/b2 = 1.2, 

2.4%, 3.6%, 4.8%, and 6% relative to the impeller exit width. The radial distance from the impeller 

blade exit to the diffuser vane inlet in (vaneless space radius) in six steps as C/r2 = 1.03, 1.05, 1.07, 

1.09, 1.11, and 1. 13 relatives to the rotor outlet radius. The volute outlet geometry of a symmetric and 

tangent with different area ratios from 0.4 to 0.9. Finally, the compressor has been tested 

experimentally with different pinched vaned diffuser distances relative to the impeller exit width of 

bp/b2 =1, 0.98, 0.96, 0.94, 0.92, and 0.9.  

These testes were carried at different compressor operating conditions, and the time variations 

of the static pressure were recorded using five high-frequency response pressure transducers. A hot-

wire anemometer is used to measure the compressor flow rate. The rotating stall and surge at the 

vaneless zone after the impeller exit can be detected by analyzing the fluctuations of pressure signals 

and the power spectrum density by using the Fast Fourier Transformation analysis. The experimental 

results indicated that the compressor with volute casing surface roughness of 100m gives about 10.9% 

enhancements in the stable operating and 1% in pressure rise coefficient. The best axial distance 

between the diffuser vanes and the casing is 2.4% of the impeller blade height and the compressor in 

this design gives about 12.4% improvements in the stable working range. The compressor with radial 

vaneless distance of 1.056 gives improvements of about 16.6% in the surge margin, 2% in the pressure 

recovery and 4% in pressure rise coefficients. The compressor with a pinched diffuser of b/bp of 0.98 

gives an improvement of 20.8% in surge point. 
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Nomenclature: 

b          Width at vaneless zone, mm 

b2         Widths of impeller exit, diffuser, mm 

bp          Pinched diffuser width, mm 

C          Axial clearance, mm 

P           Pressure, Pa 

∆P        Difference bet. comp. inlet and exit, Pa  

Q          Volume flow coefficient, m3 

r2           Impeller exit radius, mm 

rv           Radius of vane diffuser, mm 

U2         Impeller tip speed, m/s 

ρ           Density, kg/m3

          Flow coefficient = Q/2πb2r2U2,  

          Pressure coefficient =2∆P/ρU2
2.  
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1. Introduction and literature review 
Centrifugal compressors are used in many applications such as turbochargers for vehicles, 

aircraft, power plants, helicopters, process industries, compressing gases, and vapors because they offer 

high-pressure ratios and large operating ranges with relatively high efficiency. Also, the centrifugal 

compressors have advantages over axial compressors, such as higher pressure ratio, lower weight, and 

ease of assembly. Therefore, the demand from companies that manufacture cars is increasing, which 

challenges manufacturers to improve the compression ratio, efficiency and increase the stable operating 

range [1-3]. Improving the specifications of the turbocharger compressor requires an increase in the 

compression ratio while maintaining the operating range of the panel, thus increasing the engine power 

production, reducing noise and air pollutants, and thus reducing the overall size of the machine, and 

increasing its efficiency [4]. One way to increase the range of stable flow is to use surface roughness as 

a method of passive flow control [5, 6]. Two types of unstable flow occur in the centrifugal compressor, 

those are rotating stall and surge. The rotating stall is a phenomenon that occurs at a reduced flow rate 

due to flow separation and occurs before increased flow transport in the direction of the rotating 

impeller [7]. When the stall divides into many stalled cells, it propagates in a circumferential direction at 

a speed less than the speed of rotation of the impeller [8]. As the mass flow rate decreases near the stall 

point, the high angle of incidence at the impeller exit produces flow recirculation and flow separation 

that leads to surge [9]. The surge is an aerodynamic instability in the compressor that causes intermittent 

reversal of gas flow throughout the compressor due to the opposite pressure gradient [10]. One method 

to prevent flow separation in the impeller and the seismic-free zone, the casing surface roughness was 

increased to control the stall [11]. These impeller components contribute to the maximum entropy 

generation but impart greater sensitivity to deflection in surface roughness [12]. Surface roughness 

affects the flow structure of compressors and turbines. Based on general trends, it is still far from our 

ability to accurately predict the effects of roughness on losses due to fluid friction and surface heat 

transfer [6]. The roughness characterization of equivalent sand grains (ks) has hampered the 

comprehensive use of the modeling because it does not take into account the effects of different 

roughness on heat transfer, skin friction, and boundary layer transmission [13]. A study on the effect of 

the surface roughness of the impeller shows that it is a global model for stopping the turbulent flow near 

the wall [14].  

Numerically [15] studied the effect of the radial gap between the impeller trailing edge and the 

diffuser vanes leading edge on the compressor performance and concluded that increasing the ratio of 

the radial gap decreases the slip and increases the loss. Jaatinen et al. [16] also mentioned that the radial 

gap ratio has an ideal value and if the radial gap ratio is less than this value, the harm of increased loss 

will exceed the benefit of reduced slip and blockage. Theoretical analysis was made [17] on a high-

pressure ratio centrifugal compressor has slotted in the diffuser passages, and the results show that when 

the mass flow rate decreased, there is flow separation at the angle of the distributor axis, which was 

eliminated by the slag of the slot length, which was 8-16% of the diffuser chord length, thus increasing 

the stable flow rate without a significant decrease in the compressor performance. The increasing tip 

clearance causes additional losses and lowers compressor stage efficiency, especially at higher mass 

flows [18, 19]. On the other hand, Japikse [20] studied the pressure recovery and the loss coefficients of 

three volutes with different area ratios. Several numerical and experimental studies have been performed 

for overhung volutes with an elliptical, rectangular or circular cross section [21,22]. Because the diffuser 

inlet flow was significantly affected by the upstream impeller outlet flow, so reduced tip clearance gives 

a more uniform flow at the impeller exit [23] and improves diffusion processes inside the vaneless 

diffuser. The aforementioned research showed some modifications to the design of the spiral casing in 

order to improve the compression ratio and efficiency of the centrifugal compressor. But, there is no 
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previous detail to show the effect of spiral casing design on compressor flow stability such as stall start, 

impulse suppression, and stable operating range. However, they did not report any effect of the pinch on 

improving the increased line. The current work examines the effect of each of the following on the 

compressor stable working range and pressure coefficient: casing surface roughness, change the 

clearance between the casing and the diffuser vanes; the pinched diffuser with different pinched vaned 

diffuser distances relative to the impeller exit width of bp/b2 =1, 0.98, 0.96, 0.94, 0.92, and 0. 

 

2. Experimental Work  
To illustrate the influence of volute design parameters such as surface roughness, clearance 

between the diffuser blade and casing, volute geometry, on the compressor range of stable operation and 

performance a complete test facility was installed. This test rig consists of a centrifugal compressor of 

radial blade impeller, parabolic vanes diffuser, and volute casing which is driven by a 5 kW variable 

speed motor. This centrifugal compressor has been taken from an aircraft's turbocharged engine. It 

draws the air from the atmospheric conditions into a large tank which is followed by an orifice flow 

meter device and control valve to measure and control the flow rate. Three pressure transducers are 

incorporated into the compressor casing, and two are jointed into the vaneless region with a 90-degrees 

shift through the circumference at the same radius. The pressure transducers are from types of high-

sensitivity semiconductors, omega, PX-236-100GV silicon diaphragm with a full bridge. A DC 

amplifier that receives the output signals from the pressure transducers provides a 16-bit A/D converter 

board supported into PC-SCOPE software into simultaneous pressures for one second at a rate of one 

kHz. The board is supported by PC-SCOPE software. It turns the computer into an oscilloscope and 

stores the pressure waveforms in ASCII files. Then the data in the file is processed using the Fast 

Fourier Transformation Analysis (FFT) to estimate the Power Spectrum Density (PSD) by plotting the 

modified and averaged periodicity of the time-discrete signal vector. The surge point can be obtained 

using pressure spectrum (analyzing the pressure downstream of the compressor), the frequency peak 

which describes the surge was between 18 and 22 Hz [17]. Where  is flow coefficient = Q/2πb2r2U2,  

is the pressure coefficient =2∆P/ρU2
2.  

Figure 1 shows the compressor pressure coefficient against flow coefficient during stable and 

present rotating stall and surge. At the compressor operating point A, where, Φ = 0.271, the compressor 

runs stably because the amplitude of pressure fluctuations and the corresponding power spectrum 

density (PSD) at the diffuser inlet are very-small levels. When the compressor operates at the flow 

coefficient Φ = 0.115 (point - B), the amplitude of pressure fluctuations reaches about 20% of the 

compressor's maximum pressure coefficient with a frequency of 17 Hz, where the compressor runs in 

the presence of a rotating stall. As the compressor operates at a lower flow rate, Φ = 0.097 (point - C), 

the amplitude of pressure fluctuations reaches about 35% of the compressor's maximum pressure 

coefficient with a predominant surge frequency of 8 Hz. The previous method was used in all the 

different design cases with the compressor to determine the beginnings of the rotating stall and surge. 

2.1. Effect of volute surface roughness on the compressor flow stability and pressure coefficient  

In the previous part of the present work, the method for determining the mass flow rates at which 

the initiation of the rotating stall and surge using the previously mentioned analyzes according to the 

previous figure for the compressor performance with smooth casing was used. The objective of this part 

of the research is to investigate the effect of the surface roughness of the volute casing from the smooth 

to 200 µm on the stable working range and the equivalent pressure of the compressor. It should be noted 

here that according to the reference note [8], the surface of a smooth metal usually has a roughness of 

about 3.18 μm. 
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Fig. 1: Compressor performance during stable operation and present of rotating stall and surge. 

 

In applications with a high Reynolds number, the effect of surface roughness is used to increase 

the transition velocity of the laminar-turbulent separation and delay the flow. Therefore, to reduce the 

flow recirculation at the rotor exit, the volute casing surface roughness was changed from 3.7 to 200μm. 

Figure 2 shows the effect of volute surface roughness on the stable flow range and pressure coefficient 

of the centrifugal compressor of a turbocharger. The figure shows the relationship between the pressure 

and the flow rate of the compressor with different surface roughness from 7 to 200μm. It is clear from 

the figure that the rate of behavior in which the compressor is unstable due to the occurrence of vortices 

or serge decreases with the increase in the surface roughness of the casing to the surface roughness of 

100 and then the effect decreases somewhat . As well as the same phenomenon of high pressure. This 

proves that the best design for the compressor casing is to have a surface roughness of 100μm because it 

disrupts the stability of the compressor's work as well as the pressure. And increasing the volute surface 

roughness than 100 leads to decrease in the range of compressor stable flow range and the pressure 

coefficient. 

Figure 3 shows increases of the pressure coefficient by increases of the surface roughness from 0 

to 100μm due to increasing the coefficient of friction between the casing and the liquid. This confirms 

that the increase in the surface roughness of the casing from smooth to 100μm leads to the possibility of 

operating the compressor at low flow rates as a result of stopping the formation of vortices in the area 

free of decorations, and thus the failure to stop. Also in the case of surface roughness of 100 and 150µm, 

a significant improvement in the stable working range of the compressor was observed. This confirms 

that increasing the flute surface roughness reduces the flux separation on the surface of the diffuser 

shroud. The upper curve in Fig.3 shows the peak pressure factor of the compressor versus the helical 

surface roughness and its significant impact on compressor performance. The most significant drop in 

pressure ratio was observed when roughness magnitude rose to 200 µm. The drop in pressure ratio has 

started when the roughness magnitude has been incrementally increased from 150µm to 200 µm as 

shown in Figure 3. 
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Fig.2: Effect of surface roughness on the compressor performance 

 

This loss in the pressure ratio is attributed to the frictional losses and thick boundary layer in the 

diffuser section and leads to an increase in surface blockage. The application of surface roughness of 

100µm increased the operating range of surge by about 10.9%, and stall margin increased by about 

11.2% due to controlling flow separation and flow recirculation effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: Effect of surface roughness on the compressor pressure coefficient, and stall and surge initiation 
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2.2. Effect of the axial clearance between casing and diffuser on the compressor performance  

Flow leakage, vortices, separation, loss, fluid recirculation, or rotary stall within or between 

centrifugal compressor elements is mainly the cause of performance deterioration and the narrowing of 

the stable flow range due to a lack of careful design of the impinging distance or clearance between 

Rotary element and casing. In the present paper, experiments were carried out to determine the effect of 

the axial clearance between the diffuser vanes and the casing on the compressor performance and the 

flow phenomena. The axial clearances were changed, (c/b2) from 1.2% to 6% of the impeller exit blade 

height with an increase of 2.4% in each case. Where is the axial distance between the casing and 

impeller blade tip at the exit, and b2 is the height of the impeller blade exit height. Figure 4 shows the 

effects of the clearance on the compressor pressure coefficients and stable flow range due to rotating 

stall initiation and surge triggering. The previous figures show that increasing the clearance ratio has 

decreased the pressure coefficient at the low flow rates due to the separation of the boundary layer of the 

sidewall from the wall due to the sharp gradient of the radial pressure. But at the small clearance 

between the impeller and the casing, the compressor pressure coefficient increases due to increasing the 

pressure recovery coefficient with the decrease in the flow rate, and the diffuser proves the characteristic 

curve of the compressor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: Effect of axial distance or clearance, c/b2 on the compressor performance 

 

Figure 5 represents the flow coefficient of initiation of the rotating stall, surge, maximum flow 

(chocking), and pressure rise coefficient at different clearance ratios. It is clear from the figure that 

increases the compressor maximum flow rate or chocking mass flow, decreases the pressure coefficient, 

and decreases the mass flow rate of unstable conditions due to the initiation of the rotating stall and the 

surge. The figure indicated that the compressor with the axial clearance equal to 4% gives maximum 

values of the stable operating range relative to other different clearance ratios. This figure summarizes 

that the best design of the axial distance or clearance between the diffuser vanes and the casing is 2.4% 

of the impeller blade height. The centrifugal compressor in this design gave about a 10% improvement 

in the working range of the surge and about 12.4% improvement in the stable working range in respect 

to the chock to the surge. This means that the compressor design at a clearance ratio of 2.4% from the 

peak of the impeller blades exit prevented the flow from separation and its wisdom in not forming 

vortices at the low flow rate, thus suppressing the occurrence of reverse flow or triggering the surge. 
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2.3. Effect of the radial distance between impeller blade exit and diffuser vane inlet  

The effect of changing the radial space from the impeller exit to the vaned diffuser inlet on the 

centrifugal compressor performance characteristics and flow phenomenon is investigated and presented 

in Fig.6. The radial distance was changed in six steps of, rv/r2= 1.03, 1.05, 1.07, 1.09,1.11, and 1.13. The 

results show that reducing the radial clearance ratio decreases the compressor's maximum flow rate 

(choking). Figure 6 shows the pressure coefficient at low flow rate increases with the increase in the 

radial distance. Also, the mass flow coefficient at the surge as well as stall initiation decreases as the 

radial distance ratio increases due to interaction between the impeller and diffuser. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5: Effect of axial distance, c/b2 on the pressure coefficient, mass of chocking, stall and surge 

 
It seems from Fig.6 that increasing the radial gap between the rotating impeller and the 

stationary diffuser decreases the stable operating range of the compressor due to an increase of the flow 

separation at the vaneless region. Figure 7 shows there is the best design for the surge trigger. That is the 

improvements in the compressor range of stable operation for the different radial distances between the 

impeller blade exit and diffuser vanes inlet ratios are due to the decrease of the flow recirculation in the 

impeller. Figure 7 show the compressor with a radial distance ratio of 1.057 gives the best performance. 

The compressor with the radial vaneless distance of 1.056 gives improvements of about 16.6% in the 

surge margin, 2% in the pressure recovery, and 4% in pressure rise coefficients. That is decreasing the 

radial distance between the impeller exit and diffuser vanes inlet lowered the loss, reduces the wake 

region, and improved diffusion inside the vaneless region. The present laboratory results are in good 

agreement with the published theoretical results of Swamy et al. [23], despite the difference in 

compressor dimensions. 

 

2.5. Effect of pinched diffuser on compressor performance 

The compressor has been tested experimentally with different pinched vaned diffuser distances 

relative to the impeller exit width of bp/b2 =1, 0.98, 0.96, 0.94, 0.92, and 0.9 and the results are 

illustrated in Fig. 8. The pressure rise coefficient and the maximum mass flow (chocking) decrease as 

the pinched ratio increases at the higher flow coefficients. While the compressor pressure rise 

coefficient increases as the pinched increases at low flow rates. It is very clear in the figure that the 

range of stable mass flow rate of the compressor increases as the pinched diffuser depth increases.  
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Fig.6: Effect of changing the radial space on compressor performance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7: Effect of the radial distance on the compressor performance 

 

In all laboratory results in this research, the fluctuations of the pressure rise coefficients against 

the time in milliseconds (ms) are recorded, analyzed using the power spectrum density as previously 

mentioned, and used as a straw to know when the compressor instabilities due to rotating stall and surge 

occurred. Figure 9 is an example, which shows the pressure fluctuation at different flow rates from the 

compressor maximum flow rate to the lowest possible flow rate. Only a sample of the two different 

designs of pinched diffuser ratio, b/bp of 1 and 0.98, are shown in the figure which show how the design 

of the diffuser affected in increasing the compressor stable flow rage. The figure shows at flow rate 

coefficients of 0.0829, 0.07554, and 0.0637, the compressor ran stably with the pinched diffuser of b/bp 

0.98, while and at the same flow rates the compressor ran unstable with pinched diffuser of b/bp of 1. 
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Figure 10 shows the compressor with a pinched diffuser of b/bp of 0.98 has moved the surge 

point to very low flow rates with an improvement of 20.8%. The enhancement in surge point is due to 

increasing the radial velocity that leads to suppressing instabilities in the diffuser. Also, maybe due to 

delay the rotating stall and hence the system surge. On the other hand, the pressure losses are due to 

increases in friction losses and dissipation of the radial velocity in the volute. However, the increase in 

surge point at low flow rates is accompanied by a high-pressure drop at high flow rates. These 

laboratory results are in agreement with the results published by Yohan [24] in the same effect of 

clearance on the compressor range of stable operation, despite the current compressor being a vaned 

diffuser and the other being vaneless. While experimentally, Ahti [25] found with vaneless diffuser 

compressor that the best design is a width ratio of 0.854. 

 

 

 

 

 

 

 

 

 

 

Fig.8: Effect of pinched diffuser on compressor performance 

 

3. Conclusions 

There are various published works that studied the effect of some volute design parameters on 

the compressor performance and efficiency, but few addressed the effects on the range of stable 

operations like rotating stall initiation, surge triggering, chocking, and compressor limit of stable 

operation. No previous trails were given on the effects of volute design on initiation of the rotating stall, 

surge, and range of stable operation. Different volute casing design parameters were investigated for 

increasing the compressor operating range without sacrificing the compressor pressure rise or efficiency. 

The present paper focused on the effect of volute casing surface roughness, axial and radial distance 

(clearance) between the impeller and diffuser volute casing, and vanes on reducing the unsteady 

phenomena due to stall initiation and surge beside the classical compressor characteristic of pressure rise 

coefficient, pressure recovery factor. The application of surface roughness of 100mm increased the 

operating range of surge margin by about 10.9% due to controlling flow separation and flow 

recirculation effects. But when the surface roughness is greater than 100 m, viscous shear stresses lead 

to deterioration of performance and increase the percentage of decrease in tangential velocity, and thus 

increase frictional losses that lead to deterioration of centrifugal compressor performance. 
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Fig.9: Fluctuations of the pressure coeffi. with diff. pinched diffuser of b/b2=1 and 0.98. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10: Improve in stable operating flow and diffuser pressure recov. coeff. with diff. pinched diffuser. 
 

Effect of the axial clearance between the diffuser vanes and the casing of C/b2 = 1.2, 2.4%, 

3.6%, 4.8%, and 6% on the compressor stability was investigated. The best design of the axial distance 

between the diffuser vanes and the casing is 2.4% relative to the impeller exit blade height. And the 

compressor in this design gives about 12.4% improvements in the stable working range. The radial 
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distance from the impeller blade exit to the diffuser vane inlet in (vaneless space radius) in six steps as 

C/r2 = 1.03, 1.05, 1.07, 1.09, 1.11, and 1. 13 relatives to the rotor outlet radius. The compressor with the 

radial vaneless distance of 1.056 gives improvements of about 16.6% in the surge margin, 2% in the 

pressure recovery, and 4% in pressure rise coefficients. The compressor has been tested with different 

pinched vaned diffuser distances relative to the impeller exit width of bp/b2 =1, 0.98, 0.96, 0.94, 0.92, 

and 0.9. It is very clear in the figure that the range of stable mass flow rate of the compressor increases 

as the pinched diffuser depth increases. The compressor with a pinched diffuser of b/bp of 0.98 has 

moved the surge point to very low flow rates with an improvement of 20.8%.  
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