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ABSTRACT 

Multistage radial compressors are major components in many industrial applications. 

Today, compressor downsizing for CAPEX (capital expenditure) reduction is of utmost 

importance. To attain the most compact design, the pressure ratio must increase, and there must 

be no reduction in performance levels achieved in more conventional machines. 

To investigate the complex flow in the stator parts of multistage centrifugal compressors 

and to increase the confidence level of numerical methods, a new test rig was developed. This 

test rig allows for the separation of stationary flow effects from time-variant effects, leading to 

in-depth insight into physical flow features. The aim is to investigate the flow in different stator 

designs for varying flow coefficients. Additive manufacturing techniques were applied for the 

production of parts to be tested with the aim to achieve low costs simultaneously with short 

production time. 

In this paper, the test rig design is described in detail. The configuration of the measuring 

planes is depicted, and the multiple measuring techniques are described. The measurement 

accuracy and uncertainties are discussed. Subsequently, measurement data such as pressure as 

well as velocity profile plots for steady-state conditions are presented. Finally, the performance 

of stator parts regarding pressure loss and pressure recovery coefficients is discussed. 

COMPRESSOR, RETURN CHANNEL, STATOR, FIVE-HOLE-PROBE 

NOMENCLATURE 

5𝐻𝑃 Five-hole-probe 

𝐴𝑀 Additive manufacturing 

𝐶𝐹𝐷 Computational fluid dynamics 

𝐹𝑆  Full scale 

𝐻𝑆𝐾 Hollow taper shanks 

𝐻𝑊𝐴 Hot-wire-anemometry 

𝐿𝐷𝐴 Laser-doppler-anemometry 

𝑀𝑃  Measuring plane 

𝑆𝐿𝑆 Selective laser sintering 

 

Symbols 

𝑐  Velocity 

𝐶𝑝  Pressure coefficient [-] 

D  Diameter 

�̇�  Mass flow 

𝑀𝑎  Mach number 

𝜋  Pressure ratio 

𝜑  Flow coefficient 

 

Subscripts 

c  Related to absolute velocity 

𝐼𝑁  Inlet plane 

𝐿  Loss 

𝑚  Meridional 

𝑚𝑎𝑥 Maximum value 

𝑂𝑈𝑇 Outlet plane 

𝑅  Recovery  

𝑟𝑒𝑓 Reference value 

𝑡  Total / stagnation quantity 

𝑢  Circumferential 

𝑢2  Related to rotational speed
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INTRODUCTION 

Many industrial centrifugal compressors are designed in a multistage and single shaft 

configuration. Each stage consists of a rotating impeller and stationary stator components. In 

multistage machines, the stator is much more complex than in single stage machines. A stator consists 

of a vaneless or vaned radial diffusor, a return bend, a vaned return channel and finally a 90°-bend 

leading the flow into the next stage. The swirl induced by the impeller needs to be removed 

completely before the flow enters the subsequent stage. This complex flow path has a major influence 

on the stage performance regarding pressure losses and load flexibility (working range). Thus, the 

efficiency of a single stage compressor is sometimes higher than the efficiency of one stage of a 

multistage centrifugal compressor. 

In the past, many authors investigated the flow in the return channel. Experimental results of the 

stage performance and the flow structure in stator parts were published by Fister and Zahn (1982), 

Rothstein (1984) and by Nishida et al. (2013). Also, numerical studies were published by Lenke 

(Lenke and Simon, 1999, Lenke 2000) and Franz et al. (2015).  

Today, a major design strategy for multistage centrifugal compressors is the reduction of the radial 

extent (Aalburg et al., 2012) to decrease the material costs. This leads to a reduction in compressor 

size (i.e., casing diameter) which is of major importance for CAPEX reduction. To achieve the most 

compact design, the pressure ration is to be increased, accepting only minor reductions in the 

performance level achieved so far. Diverse development strategies are applied to equalize the negative 

impacts on performance due to a reduction in the radius ratios in more compact machines. For 

example, extended return channel vanes with leading edges at the diffusor outlet might improve the 

pressure recovery and decrease pressure losses in the stator parts as shown by Aalburg et al. (2009). 

Conventional vaned radial diffusers may increase the diffusor performance; however, it will 

negatively impact the operating range of the stage. Therefore, low-solidity vaned diffusers have been 

in the scope of research for years. These diffusers utilize fewer blades to obtain a higher efficiency 

with only a minor reduction in the working range as presented by Ferrara et al. (2004) and Oh and 

Agrawal (2007). Finally, advanced 3D-designs as shown by Hildebrandt and Schilling (2016) of the 

typical 2D return channel blade might improve the efficiency of stages with smaller radial ratios. This 

approach is especially important for machines with higher flow coefficients and thus distinct 3D flow 

profiles. However, such a design increases the manufacturing cost.  

After developing new designs, a difficult task is testing and validating them. Conventional test 

rigs with a rotating impeller are very time and cost-consuming facilities. They require several 

extensive auxiliary equipment, such as oil and cooling units and a high horsepower driver. The need 

for many supply lines in a test machine hinders the ability to integrate a variety of different 

measurement techniques parallel to these supply units. Furthermore, test rigs can be very inflexible 

with regard to different flow coefficients and impeller size. Most notably, changing a stator design 

can mean a complete redesign of the whole test rig. In contrast, new manufacturing technologies such 

as additive manufacturing (AM) offer rapid and cost-efficient production of new return channel 

geometries as presented by Aalberg et al. (2011). These techniques may help accelerate a redesign 

along with cost reduction. 

Apart from experiments, numerical methods such as CFD are well suited for flow investigation 

in the stator parts. However, in the case of investigating novel geometries and design space, CFD 

methods exhibit uncertainties in predicting the real flow structure. Especially for the analysis of 

complex return channels with distinct 3D and secondary flow phenomena, it is challenging to generate 

accurate results using highly sophisticated CFD methods. Therefore, CFD methods need calibration 

and validation to improve and expand their confidence level. Thus, detailed experimental data is 

required to be compared with CFD results of complex return channel flows. 

In summary, there is a need to design a new test rig for inexpensive and flexible experiments on 

stator parts for multistage centrifugal compressors. The test facility needs to support geometries for 

different design flow coefficients as well as for off-design conditions. Additionally, a fast and easy 

method to build and install newly developed geometries at the test rig is desired. Finally, to compare 
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CFD results for a variety of return channels with detailed experimental data, a large set of high-

resolution measurement techniques must be equipped. The aim is to not only generate experimental 

data at locations comparable with test rigs operating with an impeller but to generate detailed 

experimental data at difficult to access locations for comparison with CFD results. 

TEST RIG 

The test rig was designed as a full 360°-annulus of a multistage centrifugal compressor. Instead 

of an impeller, a non-rotating pre-swirler generating a specific flow profile at the inlet to the radial 

diffusor was applied. The pre-swirler was designed to match the velocity and flow angle distribution 

of a real impeller. Therefore, the spanwise profile was related to the time-averaged flow of an impeller 

and homogeneous in the circumferential direction. The pre-swirler, shown in figure 1, was 

manufactured using the additive manufacturing technique selective laser sintering (SLS). To 

investigate different operating points of the stage, other pre-swirlers had to be produced, generating 

different velocity and flow angle profiles. 

 

 
Figure 1: Depiction of the preswirler for a specified operating point condition 

 

In addition, a rotating disk, with axial spokes mounted on the outer rim of the disk, is used to 

generate wakes moving in the circumferential direction. The spokes are cylindrical bolts with a 

specified diameter. CFD calculations were performed to find a spoke diameter that generates wakes 

similar to those of an impeller. Furthermore, the rotational speed of that disk is equal to that of an 

impeller. The disk and spokes are manufactured from titanium because it was found to be the only 

material able to withstand the extreme centrifugal forces. When performing steady-state 

investigations, the wake generator was replaced by a simple ring surrounding the preswirler.  

Figure 2 depicts the complete power train of the wake generator and its integration into the stator 

test rig. The driving engine is a motor spindle that is usually used for machine tools. It was installed 

directly on the machine axis of the return channel downstream of the test section. Therefore, a special 

support was designed to integrate the engine into the flow channel. Two aerodynamically shape 

support ribs were used to hold the casing of the spindle in the center of the pipe and allow electrical 

power and other supply lines through internal radial channels. 

The shaft between the spindle and the disk has a special HSK tool holder at the drive end and a 

polygon connection on the disk side. Using the HSK holder, the shaft was mounted directly to the 

engine. An additional coupling was omitted as the HSK is self-adjusting. Once assembled, the shaft 

has an accurately defined axial and horizontal position to improve the balancing quality. The polygon 

connection at the disk side of the shaft self-centers at high rotational speeds and further enhances the 

balancing quality. Nevertheless, the complete drive train needs to be balanced before commissioning. 

As a result of the rotor (rotating disk) being mounted in a cantilever position, only one additional 

bearing is used in combination with the thrust bearing in the spindle. The spindle bearing is designed 
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to absorb axial forces in tooling machines and is therefore suitable for the present application with 

only minor axial forces. The floating bearing is placed directly in front of the disk. Two spindle ball 

bearings in an X-arrangement with grease lubrication are used with labyrinth seals on each side. The 

benefits of this design are an easy assembly and a good level of balance due to the self-adjusting 

features. 

 

    
Figure 2: Power train of the wake generator (left), assembling with return channel (right) 

 

The typical stage design of a multistage centrifugal compressor is shown in figure 3. Downstream 

of the impeller (1), or in this case the preswirler, the stage consists of a vaned (not shown here) or a 

vaneless radial diffusor (2) followed by a return bend (3). Subsequently, the flow passes the vaned 

return channel (4) and finally enters the stage after a 90°-turn (5). Similar to the pre-swirler, the stator 

parts were made using AM techniques. As the complete annulus is too large to be built in one SLS 

manufacturing cell, the stator parts were sintered as segments of a circle. After some refinishing work, 

the stator parts were reassembled on an aluminum ring and equipped with measurement probes. The 

other side of the aluminum ring acts as the hub side of the radial diffusor. For investigations with 

vaned diffusers, vanes may also be simply mounted to this ring. Finally, the completed return channel 

is mounted in a sealed steel casing as shown on the right side of figure 4. 

 

 
Figure 3: Typical design of a multistage centrifugal compressor stage 

 

  
Figure 4: Left: Casing with a mounted return channel. Right: The test rig 
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The test rig (figure 4) is integrated into an open compressor loop (see figure 5). For high flow 

coefficients it is supplied by a four-stage axial compressor or, for small flow coefficients, a single-

stage centrifugal compressor can be used as an alternative supplying device. The axial compressor 

has a nominal pressure ratio of 𝜋 = 2 at a mass flow rate of �̇� = 14,6 𝑘𝑔 ⁄ 𝑠. The centrifugal 

compressor has the same pressure ratio and a mass flow rate of �̇� = 2 𝑘𝑔 ⁄ 𝑠. Thus, it is feasible for 

small flow coefficients to use a compressor that consumes less power. The rest rig is designed to 

operate with a mass flow up to 6 𝑘𝑔 𝑠⁄ , depending in the installed stator geometry. Herewith absolute 

Mach numbers at diffusor inlet of up to 𝑀𝑎𝑐 ≤ 0.9 may be achieved. The annulus space extension is 

restricted to 1.3 ≤ 𝐷𝑀𝑃3 𝐷𝑀𝑃2⁄ ≤ 1.8. 

 

 
Figure 5: Process diagram of the complete test facility 

 

To adjust the test rig mass flow, a bypass configuration has been utilized. The mass flow through 

the bypass is controlled by the control valve 1-1 (figure 5). Valve 1-2 is a shut-off valve to separate 

both compressor cycles. Downstream of valve 1-2 the air flow is guided to the test section. The inlet 

path has a length of 25 times the tube diameter to ensure a homogeneous and nonrotating flow profile 

at the inlet of the test rig. An ultrasonic flowmeter was integrated about 4 meters upstream of the test 

section. Due to its measurement principle, the flowmeter has no disturbing effects on the flow profile. 

Further downstream a nozzle was installed that reduces the flow path from the pipe to the test rig 

diameter. Between the flanges of the nozzle and the test rig, a gauze can be placed to set a specific 

turbulence intensity. Downstream of the test rig, the air passes through a silencer before entering the 

atmosphere. The connection to the centrifugal compressor (compressor cycle 2) is located 

downstream of valve 1-2. The piping of cycle 2 is in the same arrangement as the one of the axial 

compressor cycle 1. 

INSTRUMENTATION 

The measuring planes are shown in figure 6. At measuring plane 1 (MP1), static pressure taps and 

thermocouples were installed at three circumferential positions. Finally, a 5-hole-probe (5HP) or a 

hot-wire-probe (HWP) can be located at one circumferential position and traversed radially to verify 

a swirl-free and homogeneous inflow condition. Using a 5-hole-probe, a complete three-component 
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velocity profile can be measured. In contrast, the used hot-wire-probes are single-sensor probes which 

only can measure one velocity component. 

The hub and shrouded walls in all measurement planes MP2 to MP6, except MP3’, were each 

equipped with three static pressure taps. Additionally, three miniature piezoresistive pressure 

transducers were mounted in sections MP2, MP3, and MP4. Hereby, high frequent transient pressure 

fluctuations can be measured to detect flow instabilities and, for example, the onset of stall in the 

radial diffusor. This is possible because such pressure transducers are mounted directly on the flow 

path wall. An overview of the installed instrumentation in each measuring plane is given in Table 1. 

A spanwise traverse system can be installed in every measuring plane, to measure steady spanwise 

flow profiles with a 5-hole-probe or high-frequency velocity fluctuation applying hot-wire-probes. 

The experimental velocity fluctuation results will be used to deduce turbulent statistics for 

comparison with CFD simulations. 

 
Figure 6: Sketch of measuring plane (MP) location 

 

In all measuring locations MP2, MP3’and MP5 four discrete probe access points are available. In 

contrast, a circumferential slider allows continuous traversing in MP3, MP4, and MP6 to measure the 

flow profiles in the circumferential direction and thus to get a more detailed insight into the complex 

flow structure. 

 
 

Table 1: Summary of all measurement instrumentation 

 

In addition to the pneumatic probes and thermocouples, several optical access points exist to apply 

measurement techniques such as laser-doppler-anemometry (LDA) to study flow structure details. 

Window segments of 45° are placed in the diffuser and the return channel. A third window enables 

optical measurements in the return bend. This window extends over 45° in the circumferential 

direction and over the complete return bend. Furthermore, the upper part of the discharge piping, 

behind the 90° bend at MP6, which is typically equipped with a probe on a traverse slider, can be 

replaced by an alternative made of acrylic glass. 

stat. pressure taps

fast response 

pressure taps 5-hole-probes

hot-wire-

anemometrie

MP2

6 discret taps

distributed over 45°,

each 3 on hub and shroud

3 taps on hub,

distributed over a 

45° segment

4 discret accesses

distributed over a 

45° segment

4 discret accesses

distributed over a 

45° segment

MP3

6 discret taps

distributed over 45°,

each 3 on hub and shroud

3 taps on hub,

distributed over a 

45° segment

continuous

traverse over a 45° 

segment

continuous

traverse over a 45° 

segment

MP3'

- -

4 discret accesses

distributed over a 

45° segment

4 discret accesses

distributed over a 

45° segment

MP4

6 discret taps

distributed over 45°,

each 3 on hub and shroud

3 taps on hub,

distributed over a 

45° segment

continuous

traverse over a 45° 

segment

continuous

traverse over a 45° 

segment

MP5

6 discret taps

distributed over 45°,

each 3 on hub and shroud

- -

4 discret accesses

distributed over a 

45° segment

MP6

6 discret taps

distributed over 45°,

each 3 on hub and shroud

-

continuous

traverse over a 45° 

segment

continuous

traverse over a 45° 

segment
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The traversing probe access points are located at positions allowing parameters to be balanced 

within different components of the stator, or its parts, as well as allowing calculation for performance 

coefficients. Subsequently, these coefficients are suitable values to compare with other test rigs and 

conventional compressors. The measurements with 5-hole-probes and hot-wire-probes can be 

validated against each other. Additionally, this detailed data and especially the LDA data can be 

compared to CFD results to validate numerical calculations. 

MEASUREMENT UNCERTAINTIES 

The static pressures are measured with two Scanivalve DSA3217 pressure scanners with 16 

differential pressure transducers each. The accuracy of the pressure measurements is ±0.05% FS. 

The reference pressure ports of the two scanners are connected to a GE UNIK 5000 pressure 

transducer with an open tube measuring the ambient pressure with an accuracy of ±0.01% FS. The 

piezoresistive pressure transducers are Kulite XCQ-080 with an accuracy of ±0.5% FS. 

The ultrasonic flowmeter upstream of MP1 has an accuracy of ±0.5% of the actual value. 

Temperature measurements in MP1 are conducted with type T (Class 1) thermocouples. These 

thermocouples have a precision of ±0.4% of the current value. 

All five-hole-probes were manufactured and calibrated externally providing a multi-parameter 

approximation. Type K thermocouples with an accuracy of ±0.4% are integrated into the probe heads. 

The pressure at the probe holes is measured using the Scanivalves as well. 

Every hot-wire-probe is calibrated in-house using an open jet calibration facility with a settling 

chamber and a discharge nozzle. Using this facility, a calibration polynomial of fourth order is 

provided for the velocity range between 40– 250 𝑚/𝑠. Afterward, the measured values are adjusted 

by the temperature and pressure in the test rig during the experiments. To measure the flow angle 

referred to the circumference, the probe is mounted in a known position and rotated in the range of 

±60° in steps of 30° (five supporting points). A measurement point is recorded for every step. Finally, 

a Hinze fit (Hinze, 1975) is used to find the normal flow position and thus the flow angle. The utilized 

hot wire system is a Dantec Streamline Pro system. The analog voltage output is A/D converted with 

an HBM MX410B. The A/D board enables a maximum sampling rate of 200 𝑘𝑆/𝑠 for every channel. 

Moreover, low pass filters with a frequency up to 60 𝑘𝐻𝑧 may be applied. 

STAGE AND COMPONENT PERFORMANCE 

The presented validation measurements were performed for the design point of a stator geometry 

representing a stage with high flow coefficient (𝜑 ≥ 0.12) operating at moderate Mach numbers 

(𝑀𝑎𝑢2~0.8). A vaneless diffusor with parallel walls was deployed. The operating point was set by 

adjusting the test section volume flow and at the same time matching the corresponding impeller 

velocity profile in section MP2. Performance parameters regarding total pressure loss and static 

pressure recovery were calculated using the equations below, which were based on experimental 

results of 5-hole-probe measurements. 

 

Total pressure loss coefficient:  

  

𝑐𝑝,𝐿 =
𝑝𝑡,𝑂𝑈𝑇 − 𝑝𝑡,𝐼𝑁

𝑝𝑡,𝐼𝑁 − 𝑝𝐼𝑁
 

(1) 

  

Static pressure recovery coefficient:  

  

𝑐𝑝,𝑅 =
𝑝𝑂𝑈𝑇 − 𝑝𝐼𝑁

𝑝𝑡,𝐼𝑁 − 𝑝𝐼𝑁
 

(2) 

  



8 

 

The upper left chart of figure 7 illustrates the specific loss coefficients between two successive 

measuring planes. The lower chart shows the accumulated losses related to MP2, the radial diffuser 

inlet. The pressure recovery factor is illustrated in similarly on the right side of figure 7. 

As expected, the radial diffusor, which is located between MP2 and MP3, achieves the best 

specific performance values. However, it must be mentioned that loss mechanisms can already be 

induced in the diffusor, but associated total pressure losses through mixing processes can only be 

quantified downstream. Nearly the entire static pressure rise is realized by the radial expanding flow 

area in the diffusor part (MP2-MP3). The diffusion realizes only a small stagnation pressure drop due 

to wall friction and internal losses. Subsequently, the fluid passes the return bend (MP3-MP4) with 

the intermediate section MP3’. 

  
Figure 7: Specific and accumulated pressure losses (left); specific and accumulated pressure 

recovery (right) 

 

The bend exhibits higher pressure losses due to the sharp curve in the flow path in addition to the 

disturbed inlet flow in MP3 as described below. A small separation in the shrouded wall in the first 

half of the return bend leads to higher losses compared to the second half. In contrast, minimal 

pressure recovery can only be achieved in the first 90°-turn of the bend due to a small radial area 

expansion. In the second 90°-part the flow area is slightly smaller and thus results in a minor 

acceleration. The subsequent vaned return channel shows a special performance. In the vane passage, 

the pressure is only slightly recovered. Due to the acceleration of the radially inward flow and the 

simultaneous elimination of the circumferential velocity component, a reduction of static pressure 

takes place. The bottom right chart in figure 7 shows that the accumulated pressure recovery at the 

stage exit (MP6) is lower than at the diffusor outlet (MP3). Thus, the high total pressure losses partly 

offset the static pressure recovery by the diffusor (MP2-MP3). 

DETAILED EVALUATION 

The next section gives a detailed view of the flow structure in the return channel to explain its 

performance behavior. To aid in this discussion, flow profiles in the measuring planes MP3, MP3’, 

MP4 are illustrated. All data is normalized with the respective maxima of the measuring plane. As 

mentioned in the previous section, the inflow to the return bend (MP3) is disturbed considerably as 

shown in figure 8. This is due to boundary layer development on the vanes of the preswirler. Although 

these vanes are designed as thin as possible to reduce wakes, circumferential velocity defects could 

not completely prevent. 

The figure shows the circumferential area averaged absolute velocity in combination with the 

standard deviation (vertical bars), which is a dimension for the circumferential change of velocity. 

The measurement segment extends over 45° of the circumference. On the one hand, there is a weak 

velocity region on the shrouded side compared to the hub side. On the other hand, more intensive 

circumferential velocity fluctuations can be observed on the hub side. Two effects are responsible for 

this spanwise velocity discrepancy. The first reason is the application of a preswirler instead of a 
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rotating impeller. The preswirler is designed to deflect the flow from an axial to a radial direction. 

Secondly, the vanes guide the flow in the circumferential direction and generate a swirl. Both 

processes lead to a high aerodynamic loading, which results in the flow region with a small velocity. 

Especially in the boundary layers at all surfaces, the velocity decreases and the fluid becomes de-

energized. 

In contrast, when using a rotating impeller, the fluid energy and thus the stagnation pressure is 

increased, even in the boundary layers. This seems to be the reason for the strong velocity discrepancy, 

especially at the shrouded side, where the curvature radius is smaller, and thus the flow loading is 

explicitly higher. It is estimated that this effect lowers due to energy input when using an impeller. 

This is confirmed by the flow angle profile in the right chart of figure 8. Here the flow angle profile 

is compared to one measured on an impeller test rig with the same stator geometry and at same stator 

operating point. Using a preswirler generates a steeper flow angle and implies a lower radial velocity 

at to shroud side. The second effect is the pressure potential field in the return bend. The pressure 

gradient has an upstream effect that decelerates the flow at the outlet of the shrouded side of the 

preswirler. In this way, fluid with higher energy is shifted toward the hub side. Furthermore, the 

circumferential velocity fluctuations can be attributed to the preswirler vanes. Although the vanes are 

designed as thin as possible, they generate wakes because of boundary layer development. 

 
Figure 8: Circumferentially area averaged velocity in MP3 with standard deviation across the 

span (left), flow angle in MP3 stator test rig compared to rotational impeller test rig (right) 

 
Figure 9: Meridional (left) and circumferential (right) velocity profiles across the span of the 

180°-bend 

 

The emerging flow structure is presented in figure 9 regarding meridional and circumferential 

velocity components along the return bend. The figure show a homogenization of the spanwise 
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velocity profiles along the return bend. As mentioned above, the weak flow region at the shrouded 

side in MP3 is distinctly visible in the meridional component. 

The circumferential velocity exhibits weak values as well, but the defect is less distinctive. By 

only considering the meridional component in MP3, the velocity becomes slightly negative near the 

shrouded wall. Accurate measurements very close to the wall are not possible due to disturbances 

induced by the probe head of the 5-hole-probe. The negative velocity indicates a flow separation at 

the shrouded wall. The fluid must evade this region, and so the core flow has to be diverted, resulting 

in the velocity accelerating toward the hub wall. Additional information on the flow structure in the 

bend is given in figure 10 regarding static and total pressure values. 

 
Figure 10: Static (left) and total (right) pressure profiles across the span of the 180°-bend 

 

The static pressure is nearly constant in MP3. Hence, the shape of the total pressure profile is 

similar to the one of the absolute velocity. Through the bend, the static pressure rises at the shrouded 

wall due to the flow deflection from the outer radial to the inner radial flow direction. This pressure 

rise might be the root cause for the previously mentioned flow separation detected in MP3. Moreover, 

the total local pressure and the velocity at the shrouded wall rise in the first half of the bend. This 

behavior indicates a re-attachment of the flow. This is possible because energized fluid from the core 

flow moves toward the shrouded wall and enables the flow to overcome the adverse pressure gradient. 

In summary, the deflection and turning inside the return bend promotes mixing between low and 

high energy flow regions. This leads to a more homogeneous velocity profile. Subsequently, the fluid 

slightly accelerates in the second half of the return bend due to a reduced flow area, leading to a 

further homogenized flow profile at the return bend exit. 

In conclusion, the return bend has a positive effect on the flow although its flow path is strongly 

curved. Because of the homogenization of the flow, it is still appropriate to use 2D vanes in return 

channels for higher flow coefficients. The circumferential velocity is still lower than in the core flow, 

which only occurs close to the shroud side, resulting in a higher incidence. Here, 3D designs might 

improve the performance of the return channel vanes slightly. 

The existing incidence might induce small vortices, which influence the flow and the performance 

of the vanes. At off-design conditions, the effect of this phenomenon might be intensified which may 

restrict the working range of the vanes and the compressor working range as well. The major function 

of the return channel vanes is to de-swirl the flow completely before it enters the next impeller. 

Usually, impellers are designed for a swirl-free inflow. An incoming flow having a swirl will influence 

the following compressor stage performance negatively and lead to a decreased operating range. 

Furthermore, the vanes in the return channel must be designed to assure a uniform meridional velocity 

profile. Through the return channel, the meridional velocity usually increases because of the 

decreasing flow area. At the same time, the circumferential velocity component is reduced. There are 

several design philosophies subdividing the return channel vanes in different sections with different 

individual tasks and with the aim to reduce the maximum loading and losses. However, it is an 
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intricate task to deflect a flow with distinct 3D-flow phenomena using a 2D design vane. Especially 

at off-design conditions, where the flow conditions in the return channel change, the swirl at the stage 

exit cannot be neglect. Because of varying velocity triangles, the impeller incidence is changing, 

leading to higher losses in the next stage. 

The flow profile at the stage exit (MP6) is shown in figure 11. The upper chart represents the 

circumferential velocity along the span; the lower chart shows the meridional velocity. Over a channel 

height of 55% starting from the hub the circumferential velocity is very small. In this area, the 

absolute flow angle varies within ±2° around zero (measures concerning the axial direction). 

However, at the shrouded sides, some swirl is still present and affects the next impeller located 

downstream. Additionally, a lower meridional velocity at the shroud can be seen. This might be a 

consequence similar to the flow phenomena described in the return bend. Due to the deflection, the 

core flow shifts toward the outer radius of the bend. 

In conclusion, even at the design point, there are some impacting flow phenomena that should be 

improved to raise the stage performance of a compressor. 

 

 
Figure 11: Circumferential (top) and meridional (bottom) velocity profiles at stage exit (MP6). 

CONCLUSIONS 

A new test rig was introduced to provide detailed and flexible investigations on the return channel 

of multistage centrifugal compressors. A first measurement campaign was presented regarding the 

return channel performance. The results showed that the amount of the total pressure losses overcome 

the static pressure recovery. Although the circumferential velocity generated by an impeller can be 

eliminated almost completely in the stator, the overall static pressure recovery is negative. Apart from 

losses induced by wall friction and shear stress, the experimental data showed a complex spatial flow 

pattern that may cause the higher pressure losses. Especially, in the 180°-bend, high gradients along 

the flow path and strong inhomogeneous flow profiles favor flow separation and thereby additional 

losses. 

To better interpret the described flow phenomena in detail additional experimental data will be 

compared with CFD results in the near future. The experimental results obtained so far will be 

complemented by additional measurements using hot-wire-probes. Additionally, off-design 

conditions will be within the scope of upcoming work. 
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