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ABSTRACT 

Admission and extraction of fluid proportions are common in turbomachinery applications 

as for instance bypassing due to overload or part load operation. Unfortunately, most 

investigations concerning cross flow only cover circular cross sections and thus don’t resemble 

turbomachinery applications. Further, cross flow correlations from the literature are largely 

outdated or in case of non-ideal fluids not existing. New developed correlation and balancing 

approaches are exclusively of theoretical nature and need experimental validation. Therefore, 

a novel test rig is being built up at the Ruhr University Bochum. The modular concept features 

a rectangular cross section, enables different admission and extraction slot designs as well as 

the injection of gas fractions through bypasses. The present publication focusses on design, 

construction and build-up of the test rig with a detailed description of specifications, modularity 

approach and scheduled experimental setup to meet the requirements for fundamental studies 

concerning the mixing and separation process of compressible fluids. 
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NOMENCLATURE 

Latin symbols 

A  m² area 

a  m width of main channel 

AR  % area ratio, b/a 

b  m width of branch channel 

c  ms-1 velocity 

D  m diameter 

FR  % mass flow ratio 

m   kg/s mass flow 

h  m channel height 

Ma  - Mach number 

TR  % transition radius rel. to 

   outlet hydraulic diameter 

Re  - Reynolds number 

 

Greek Symbols 

ζ  - pressure loss coefficient 

  - flow coefficient 

  - pressure ratio 

 

Subscripts 

Br  branch pipe 

Core core pipe, inlet pipe 

DP   design point 

Min minimum 

Max maximum 

Design design point 

Out outlet pipe 

t  total 

u  tangential 

 

Abbreviations 

BC  boundary condition 

CFD computational fluid dynamics 

SST shear stress transport 

PIV particle image velocimetry 

PMMA Polymethylmethacrylat 
 



2 

 

INTRODUCTION 

Nowadays the admission and the extraction of fluid proportions can be found in various 

turbomachinery applications. Circumferential slots are placed within a single module or at the axial 

connections between two stage groups of steam turbines. The extracted steam can be used to heat the 

feed water of a power plant for example. Bypassing the first stages of a steam turbine in order to 

realize overload operation is an example for admission, resulting in mixing processes in the flow path. 

In addition flow separation and mixing occurs in secondary air systems of jet engines, for instance in 

the context of cooling the first turbine vane with bleed air from the compressor.  

Typically, admission or extraction is realized either by placing one or more single branches at 

specific points at the circumference of the casing or by one circumferential enclosing slot, combined 

with an adjacent spiral or chamber, shown in Figure 1. Unwinding the annular flow path of a 

turbomachine including such a branch or chamber in circumferential direction, leads to a planar cross 

section. In theory this flow domain is infinitely wide and has no bounding side walls. That means no 

artificial wall friction is induced. In this context translational periodical boundaries are used in 

numerical simulations. However, when a planar cross section is recreated in a test rig the influence 

of side wall friction cannot be ruled out completely. But, it is possible to minimize the influence by 

applying a high side-to-height-ratio or boundary layer suction on the side walls.  

 

 
Figure 1: 3D view of a 2.5-stage steam turbine configuration with two asymmetrical branches 

(STC-AB; left) and of a 3-stage steam turbine configuration with one circumferential slot 

(STC CS; right) 

One may assume flow junctions with circumferential, rectangular or planar cross sections in 

general were researched comprehensively in the past. But up to now most investigations only cover 

circular cross sections that are used e.g. in cooling/heating pipe systems of nuclear power plants, air-

conditioning, water supply or chemical processes. Unfortunately, the main flow field of circular 

geometrical topologies is overlaid by additional secondary flow structures that arise due to the 

rounded side walls and wall friction of the turning branch flow. A flow phenomenon which is 

comparable to the counter rotation double vortex in a 90 degree bend. Moreover, gathered results of 

these investigations mostly refer to constant flow properties such as liquid fluids with mainly constant 

density. That means, gained insights are not directly transferable to planar cross sections and as a 

consequence not suitable for turbomachinery applications. Furthermore, correlations given in the 

literature and associated with flow mixing and flow separation are largely outdated or even non-

existing in case of non-ideal fluids. In addition, valid balancing methods for integral values such as 

pressure loss coefficients consider only parts of the system boundary. Either the main pipe together 

with the exit pipe is used in the equations or the branch pipe together with the exit pipe. New 

approaches which include all openings at once were developed and appeared in the literature in the 

last years. However, they are exclusively of theoretical nature and thus need experimental validation. 

To this aim a novel test rig is being built at the Ruhr University Bochum which enables 

experimental investigations on the mixing and separation process of ideal and also non-ideal gaseous 

substances. The modular concept of the test rig allows for various rectangular admission and 
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extraction slot designs which cover several area ratios and different branch connection angles. 

Exceptional experimental applications such as impinging jet configurations or injection of gas 

fractions through bypasses are possible, too. The test section is prepared for standard pressure and 

temperature as well as time resolving and optical measurement techniques. Hence, several probe 

accesses at the core, branch and outlet opening are provided, whereas the T-junction itself is made 

out of acrylic glass. Scheduled experiments will help gaining a deeper understanding of the 

underlying flow phenomena and their resulting influences ranging from integral values, in terms of 

additional pressure loss, up to boundary layer formation, interaction and separation. 

The current publication is divided into three main passages. First, a comprehensive literature 

survey concerning T-junctions is carried out which summarizes already gathered findings from 

experimental and numerical investigations in the past. The second section deals with the design and 

construction of the test rig based upon derived insights from the literature survey and regarding 

restrictions of the already existing infrastructure on site. It starts with a description of the challenges 

and requirements for the planned test rig. A detailed description of specifications, modularity 

approach and scheduled experimental setup is given in order to meet the requirements for 

fundamental studies of mixing and separation processes of compressible fluids. Numerical 

simulations performed during the design phase of the test rig are described in the third part. Finally a 

conclusion with an outlook is given.  

LITERATURE SURVEY 

Although a large amount of literature exists on the topic of flow junctions there is still need for 

more insight on the physical phenomena involved. Over 100 literature sources were studied in order 

to obtain an overview about research on the topic of T-junctions. A brief description of the most 

important numerical and experimental investigations is given in the following. 

Disambiguation 

A clarification of the used terminology is required before facing results and derivations of the 

literature search. Due to the huge amount of and to some extend publicly accessible literature, e. g. 

conference contributions, journal articles and technical books, various notations are existing which 

are associated with admission, extraction, crossing, mixing, separation, combination and division of 

flow proportions. First off all, the basic functional principle: T-junctions are used to add or extract 

flow proportions of internal flows. This is accomplished by an additional connection which develops 

the typical shape of a T-junction (see Figure 2). Thus, a T-junction consists of in total three 

interconnected pipes: core, branch and outlet. 

 

 
Figure 2: Flow directions through particular openings for cases of admission and extraction 

 

As Figure 2 illustrates, the case of application determines the flow direction through the particular 

openings. Further, combining different angles of connection, shape of cross sectional area, transition 

radii and specific area ratios leads to a variety of geometrical designs that are described in the 

literature (Figure 3). According to the authors, several notations are used for the specific openings in 

a T-junction. The inlet commonly is named inlet, in, core or main pipe. Terms such as outlet, out, exit 

or collecting pipe are assigned to the outlet. Against this, the notation of the branch connection 

depends on the application, it is frequently called branch, bypass, bleed and admission or extraction 

pipe. 
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The following sections give an overview about different geometrical design studies described in 

the literature. In this contribution the terms core, outlet and branch are used to describe the several 

studies carried out in literature. These studies are divided into investigations of the impact of different 

transition radii TR, area ratios AR and angle of adjacent branch to core piping. Typically, the 

distribution of a specific loss coefficient is plotted against the mass flow ratio FR to show the varying 

influence of geometrical settings on the flow topologies of the T-junction. 

 

 
Figure 3: Certain T-junction shapes; A: circular pipe junction (Miller (1990), Idelchik (1986)); 

B: rectangular pipe junction with beneficial flow guide (Idelchik (1986)); C and D: planar 

junction without (C) and with transition radii (D) (Engelmann, D. and Mailach, R. (2015)) 

When speaking about loss coefficients, most admission/extraction loss data in the literature are 

described in terms of a total pressure loss coefficient with the exclusion of pipe friction loss. As given 

in equation 1, the total pressure loss coefficient ζt for the main flow path is calculated using mass flow 

averaged values of total pressure at inlet and outlet which are related to the dynamic pressure at the 

outlet. The admission (or extraction) loss coefficient ζadm can be derived when subtracting the friction 

loss coefficient ζfr from ζt. The friction loss coefficient depends on the pressure loss ∆pfr due to wall 

friction. It can be derived from empirical formulations such as from Nikuradse, Blasius and 

Colebrook using the local Reynolds number and wall roughness for simple pipe geometries or by the 

usage of local wall shear stress in cases of complex geometry. A detailed description about this 

approach is given by Engelmann, D. and Mailach, R. (2015).  
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Variation of transition radius TR 

Costa et al. (2006) did experiments on the flow of water in 90 degree T-junctions in case of 

extraction (Figure 2; case C). They compared the pressure drop in a T-junction for sharp and rounded 

corners at a constant FR of 50%. The piping of the applied test rig has a circular cross section as given 

in Figure 3 (shape A). Due to the flow separation in the branch pipe the loss coefficient of the branched 

flow is higher than for the straight flow. They identified a reduction of the loss coefficient of the 

branch flow using a rounded edge resulting from a smaller recirculation zone. Páal et al. (2006) 

investigated the experimental test case of Costa et al. (2006) on the basis of numerical simulations. 

In this context they compared the measured velocity profiles and loss coefficients for both 

configurations and confirm the experimentally obtained tendencies. Morimune et al. (1981) measured 

the pressure loss in a T-junction in compressible air flows. They examined among other things the 

impact of different edge radii. Again, the piping of the applied test rig has a circular cross section 

(Figure 3; shape A). Beside pressure measurements inside the core, branch and joining pipe, Schlieren 

photographs were used for flow visualization.  

Extensive numerical studies for a generic T-junction with rectangular cross sectional shape were 

performed by Engelmann et al. (2013), Engelmann et al. (2014) as well as Engelmann and Mailach 

(2015). They described a comprehensive parameterized numerical study for combining flow in a 

T-junction. The authors calculated pressure loss coefficients in dependence of transition radius (TR 

variations from 0 to 10% related to the hydraulic diameter of the outlet pipe) and mass flow ratio (FR 

varied from 50 to 100%) as well as for several fluids and thermodynamic parameters. Figure 4 

illustrates a comparison of admission pressure loss coefficients from the literature against the findings 

of Engelmann et al. (2013). The left diagram represents values for a balancing from the core to the 
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outlet whereas the right one uses branch and outlet for the balancing. The charts on the one hand show 

loss coefficients for pipe T-junctions with circular cross sectional areas that are mentioned by Idelchik 

(1986) and Miller (1990) (shape A in Figure 3). On the other hand loss curves for planar T-junctions 

(shape C in Figure 3), which are calculated by Engelmann et al. (2013), are included. Several points 

can be noticed. First, all loss curves are of the same order and develop in a likewise manner why it is 

assumable the underlying main flow behavior is similar. Second, the admission pressure loss 

coefficient for T-junctions with rounded transition edges are slightly lower. This can be ascribed to a 

better flow guidance in combination with a smaller flow separation zone which occurs downstream 

of the junction section after turning of the branch flow. Engelmann et al. (2013) illustrated this with 

numerical studies and confirmed the experimental findings for rounded edges of Costa et al. (2006). 

Third, the overall pressure loss in the planar T-junction is the lowest due to no bounding sidewalls in 

the numerical studies and missing of the counter rotating double vortex in pipe junctions that is 

already described in the introduction above. And last, in the left diagram there is a kink noticeable at 

a FR of 50% in the particular loss curve for rounded edges calculated by Engelmann et al. (2013). 

This kink is not given or described in other literature but as Engelmann et al. (2014) state the kink 

systematically moves and alters its form in dependence of TR, AR and FR. It is caused by an overlay 

of loss decrease whilst increasing the FR for the balancing from core to outlet and emerging of a 

downstream separation zone due to turning of the branch flow. As currently only numerical studies 

are performed, measurements in the novel test rig will help to gain a more detailed and profound 

insight of this phenomenon. 

 

    
Figure 4: Comparison of admission loss coefficients for T-junctions with circular cross sectional 

area (Miller (1990), Idelchik (1986)) against planar T-junctions (Engelmann et al. (2013)); 

rounded edges: TR = 10% of hydraulic diameter of outlet pipe 

Investigation of different area ratios AR 

Experimental results on the turbulent mixing of hot and cold airflows in a T-junction with a 

rectangular cross section with bounding sidewalls are reported by Hirota et al. (2006). The airflows 

in both channels are mixed in the T-junction, as depicted in Figure 2 Case A. In their study, the height 

of the main channel was kept at 40 mm while the width was changed for an AR of 100, 50 and 33%. 

The velocity distribution was measured with a 2D PIV system. They obtained qualitatively similar 

distributions of secondary flow appearing in the channels with different AR. In contrast to this, Štigler 

et al. (2012) compared PIV measurements with numerical results of the flow in a T-junction with a 

circular cross section and water as fluid. The test rig enables the investigation of two admission cases 

shown in Figure 2 (case A and case B) for different FR. PIV is used to measure 2D velocity profiles 

within the model of the T-junction. The obtained results show similar tendencies regarding 2D 
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velocity flow fields and radially velocity profiles. Oka et al. (1996) determined loss coefficients for 

sharp-edged T-junctions with two different AR (5,6% and 8,7%). The experiments were carried out 

using T-junctions with circular cross sections and water as fluid. Based on the experimental results, 

empirical equations of loss coefficients for T-junctions with circular cross section were derived. 

Forney (1982) and O'Leary (1985) studied T-junctions with very small area ratios. Their obtained 

results are based on the physics of the jet in a cross flow theory.  Numerical studies on the AR were 

done by Engelmann et al. (2014). They varied the AR from 50 to 100% and explained in detail the 

evolution of pressure loss caused by the change of impulse and penetration depth of the branch mass 

flow. Additionally, they could confirm the data given by Idelchik (1986) and Miller (1990) for sharp 

transition edges. Namely, the admission pressure loss for balancing from core to pipe is nearly 

independent from the AR.  

Variation of angle of the adjacent branch to the core piping 

Štigler et al. (2013) described measurements in a T-junction using water for all shown cases in 

Figure 2. The measurements were performed for five different angles (30°, 45°, 60°, 75° and 90°) of 

the adjacent branch relative to the core piping. In case of admission (Figure 2; case A) a reduction of 

the angle leads to a reduction of the pressure loss coefficient at a fixed mass flow ratio. Fitzgerald 

and Holley (1979) study the jet injection in a pipe flow. Laboratory experiments were conducted to 

determine the rates of mixing with a single jet injection made at the pipe wall at various angles relative 

to the pipe wall.  

Type of T-junction 

As mentioned in the introduction and illustrated above, most research concerning T-junctions refer 

to piping systems and junctions with circular cross sectional area (see Figure 3; shape A). Findings 

for a huge amount of shapes are well and comprehensively documented by Miller (1990) and Idelchik 

(1986). Studies which address specific topics and applications are carried out e. g. by Morimune et 

al. (1981), Oka et al. (1996), Costa et al. (2006) or Štigler et al. (2013). In contrast to that, Engelmann 

et al. (2012), Rosic et al. (2014) and Grimshaw et al. (2016) focused on geometries of real 

turbomachines. They e.g. present numerical studies on the impact of circumferential slots in axial 

turbines and compressors. Further, Schwarz (2005) describes a comprehensive experimental 

investigation of a circumferential extraction slot in a multistage axial compressor. 

As visible in Figure 4, using the same method for determination of the admission pressure loss 

for both planar T-junctions and T-junctions with circular cross section is justified. It can be used due 

to the predominant similarity of the flow field and its behavior during admission and turning of the 

branch flow. Further, limitation to and putting focus on a single T-junction without any other 

surroundings avoid interference with peripheral parts that could sophisticate the understanding of the 

underlying flow physics. The question is now whether it is possible to apply this approach on real 

turbomachinery configurations. Results of this approach are given in Figure 5. Here, admission loss 

curves of the two steam turbine configurations introduced in Figure 1 and surveyed by Engelmann et 

al. (2014) are put together with particular loss curves for planar T-junctions taken from Figure 4. For 

a zero branch flow a small shift is visible in the loss curve in the charts of Figure 5 for configuration 

STC-CS. It starts with a positive admission loss coefficient which can be attributed to an interference 

with the adjacent blade rows. Nevertheless, the loss curve trend is comparable to that of the T-junction 

with rounded transition edges. Also the remarkable kink is visible both for a balancing from core to 

outlet and branch to outlet. For the other steam turbine configuration which consists of 2.5 stages and 

that contains two asymmetrical branches (STC-AB) there are only results for one specific operation 

point available. The FR for the first branch is 40%. For the second branch it amounts to a value of 

80%. The turning branch flow itself shows an inhomogeneous flow pattern over the circumference 

due to the compact admission section. To put it simply, there is not enough space for a complete 

distribution over the circumference before reaching the next blade section. In addition, there is a huge 

impact of adjacent stages and other predominant flow field effects which interfere with the turning 

branch flow and impact its distribution within the flow path. Therefore, its sophisticated to sight the 



7 

 

admission loss isolated in turbomachinery applications. Something that is mirrored in the loss values 

(single triangles) given in Figure 5. Especially the value for the second branch in Figure 5 (right side) 

with a ζBr-Out of 14.6 is too high to be displayed in the chart with the given scale. 

 

   
Figure 5: Admission loss coefficients for the two steam turbine configurations STC-AB (Figure 

1) and STC-CS (Figure 1) in comparison to the planar T-junction (Engelmann et al. (2014)) 

DESIGN AND CONSTRUCTION OF THE TEST RIG 

Challenges and requirements 

As supported by the literature survey, there exists demand for research concerning planar or 

rectangular T-junctions, regardless of whether flow proportions are added or extracted. With the 

information given in the passage above it is possible to derive the challenges for a modern test rig 

that addresses yet unnoted fields of research attention. These are primarily: 

 Enablement of fundamental flow studies in T-junctions with rectangular cross sections to gain 

more knowledge of the underlying flow phenomena. 

 Choice of a rectangular cross section to avoid overlaying with secondary flow structures such as 

counter rotating double vortices that especially arise in pipe junction systems on the one hand and 

to achieve flow conditions which are similar to turbomachinery flows on the other hand. 

 Reduction of boundary layer effects from bounding side walls by using a high side-to-height-ratio. 

 Modular construction in order to change angle of connection, shape of cross sectional area, 

transition radius and area ratio. 

 Usage of compressible fluids such as air and if necessary enriched with other non-liquid 

substances to shift certain gas properties. 

 Monitoring and controlling the operation points with fixed probes within the supply pipes. 

 Installation of traversable probes at the inlet, branch and outlet of the test section to gather 

spatially and temporally high resolved pressure, temperature and velocity profiles.  

 Designing a test section which is prepared for the usage of optical measurement techniques. 

 Providing adjustable valves to set a specific mass flow ratio between inlet and branch.  

 Giving an opportunity to change the operation point of the driving engine in terms of rotational 

speed, pressure and system mass flow in order to vary the global Reynolds and Mach number. 

Test rig infrastructure and modularity options 

For the experimental investigation of the T-junction flow a new test rig is designed and 

constructed. Depending on the required pressure ratio the measuring section of the T-junction can be 

supplied with compressed air from two different one-stage centrifugal compressors. While 
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BOCHRAD I has 3D-twisted blades with an axial inducer, the radial stage of BOCHRAD II is 

equipped with purely prismatic blading. Both compressors have radial diffusers without blading. The 

compressors are powered from an engine with 370 kW output. Due to different gear ratios the 

maximum rotational speed of the two compressors differs. Both compressors can be operated in open 

as well as closed cycle. For closed cycle operation a cooler is integrated on the pressure side. The 

compressors are set up above a pit in which most of the auxiliary systems like oil system and part of 

the pressure side piping are placed. Since the measuring section is also placed above this pit the 

measuring section is easily accessible for modification and maintenance work. Furthermore, the 

construction of the compressor enclosure allows a simple displacement of rotor wheel and diffuser.  

The operating point of the applied compressor depends on the aerodynamic resistance of the 

downstream facility and the chosen rotational speed. The aerodynamic resistance of the downstream 

facility can be regulated with several throttle valves, positioned downstream and upstream of the 

measuring section. This results in a range for Ma from 0.03 to 0.3 and Re from 1.17∙105 to 1.06∙106 

as current possible flow conditions at the inlet of the measuring section. In Figure 6 a detailed 

overview of the test rig is given. New parts of the test rig are connected to the existing air supply with 

pipes. Subsequent to the centrifugal compressor the compressed air will be separated in two parts 

depending on the position of the throttle valves in the core and the branch pipe. The volume flow 

inside the core and branch piping is measured with thermal mass flowmeters (ABB FMT400-VTS). 

In front of the measuring section settling chambers are used for flow homogenization. They consist 

of three parts: a diffuser, which includes the shift from circular to rectangular cross-section, a 

stabilization chamber and a nozzle. The 

rectangular construction of the stabilization 

section enables an easy modification of the 

integrated screens and honeycombs. The 

measuring section includes the T-junction, 

connecting core and branch piping. A detailed 

description of the measuring section is given in 

the following paragraph.  

The placement of the throttle valves in the 

test rig facility allows the investigation of 

mixing as well as separation processes. In the 

latter case all compressed air flows into the 

measuring section through the core piping 

without splitting. Throttling of the valve 

downstream of the measuring section leads to a 

separation process inside the T-junction. In this 

case screens and honeycombs inside the settling chamber of the branch piping can be removed. 

Furthermore, the modular concept of the test rig provides the option to investigate flow phenomena 

like impinging jets, jets in a crossflow or the mixture process of different gases. Monitoring of the 

compressor operating condition is realized with several pressure taps and temperature sensors in front 

of and behind the centrifugal stage in addition to measuring the shaft speed as well as the mass flow. 

The pressure signals from the taps are transferred to piezo resistive transducers. All sensor signals are 

recorded by a National Instruments cDAQ-9198 data acquisition system. 

Detailed description of the measurement section 

This paragraph deals with the design and construction of the measuring section. Figure 7 shows 

a detailed view of the measuring section including the T-junction. The length of the run-in distance, 

between the nozzle ending and the beginning of the mixing section amounts to 600 mm. The T-

junction is connected to the adjacent components with rectangular channels made of sheet. In order 

to get detailed information about the flow field in front of the T-junction several accesses for 

traversable five hole and hot wire probes are provided at the walls of these channels. Furthermore 

Figure 6: Overview of the test rig 
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Prandtl probes and temperature sensors (PT100) are used to adjust the operating point regarding 

Reynolds- or Mach number similarity. Table 1 summarizes dimensions and flow details in front of 

the T-junction at design point. In order to ensure optical accessibility for PIV measurements the 

T-junction consists of several PMMA discs. They are connected by means of countersunk screws and 

sealed up with cord seals against pressure loss. Figure 8 shows a photo of the realized T-junction 

measuring section. 

 

 

The T-junction and the adjacent channels are located on a framework in order to avoid stresses 

within the PMMA as a consequence of the elongation of the piping. FEM analyses were carried out 

to investigate material displacements in the PMMA as a consequence of the internal pressure loading, 

resulting in maximum displacements of 0.24 mm at design condition. Furthermore T-junction and 

connected channels are filled with air under test pressure and tested for leaks. To evaluate the flow 

force on the rear wall as a consequence of the branch flow numerical simulations were carried out. 

Results are discussed in the following section. Replaceable side walls of the branch enable the 

investigation of the impact of different branch cross sections or rounded radii at the 90 degree bend, 

shown in Figure 9. 

          

 

NUMERICAL SIMULATIONS 

Numerical studies of the test rig were performed using the commercial code ANSYS CFX 19.0 

to improve the conceptual design during the design phase. This code applies a fully coupled implicit 

Navier-Stokes solver based on a finite volume approach. Spatial discretization of the steady state 

simulations has been realized with a hybrid scheme resulting in almost second order accuracy.  

Figure 11 lists the most important settings of the numerical setup. A hexahedral, numerical mesh is 

generated with ANSYS ICEM CFD and has a node count of approximately 6.5 million nodes. In the 

measuring section the y+ parameter is below five in the bypass channel and above 30 in the core and 

 

Figure 7: Measuring section including 

rectangular channels 

 

Figure 8: Photo of the measuring section 

 

Table 1: Properties of the 

T-junction at design point (DP) 

 Core Branch 

b [m] 0.14 0.14 

h [m] 0.28 0.28 

cDP [ms-1] 53.3 2.3 

MaDP [-] 0.16 0.01 

ReDP [-] 6.4∙105 2.6∙104 

 Figure 9: Replaceable side walls of the branch 
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return channel. As a consequence the boundary layer is fully solved in the bypass channel, while 

boundary layer functions are used in the core channel. The simulation type of all performed 

calculations is stationary. The convergence criteria of all simulations is a maximum residuum of 

1.3e-3. Figure 10 shows the simulated CFD-domain. Flow conditioners are approximated by a porous 

media. In order to receive the pressure loss of the 1D-design of the flow conditioners, the quadratic 

loss term in flow direction of the porous media is adjusted. Transversal loss components are 

multiplied with a factor of 10.000 to align the flow. The mass flow ratio FR is defined as branch to 

core mass flow. Starting from the design point (5%) several mass flow ratios are simulated up to 75%. 

The rear wall of the T-junction is defined as a separate wall to evaluate the flow force as a function 

of the branch mass flow.  

 

   

 
 

Figure 11 shows the normalized velocity profiles in the core (green), branch (blue) and outlet 

channel (red dotted) on 50% channel height in s-direction. The core velocity profile is nearly 

symmetrical to the center line and has a boundary layer thickness of less than 10% channel height. At 

the design point (5%) the core flow deflects the branch flow part while crossing the branch cross 

section. Due to the interaction of core and branch flow part the velocity in the branch channel 

decreases in s-direction. The slower branch flow part remains at the branch side wall after admission. 

After collision of the flow parts the core flow accelerates the branch flow due to shear effects. As a 

consequence of the no- slip-condition at the branch side wall the velocity decreases in the outlet 

channel above 75% channel height. Figure 12 depicts the flow force on the rear wall of the T-junction 

as a function of the flow rate. Obviously the wall force is independent from the bypass mass flow rate 

and amounts to approximately 5.2 N. In addition the streamlines of the two cases 5% and 75% are 

shown in Figure 12. At 5% the already described mixing process of core (blue) and branch (red) 

streamlines is visible. The intrusion depth of the branch flow into the core channel rises with 

increasing branch mass flow rate, as illustrated for 25% and 75%. However, even at 75% branch mass 

flow rate the core deflects the branch flow part and as a consequence prevents a collision with the 

rear wall resulting in a nearly constant wall force. 

  

 
Figure 11: Velocity profiles in the core, 

branch and outlet channel on 50% span 

 
Figure 12: Force on the T-junction rear wall 

as a function of the branch mass flow rate 

Table 2: Numerical setup of the T-junction 

fluid air 

inlet bc (core, branch) mass flow 

outlet bc ave. static pressure 

wall bc smooth, non-slip 

heat transfer isotherm 

turbulence model SST 

simulation type stationary 

 Figure 10: CFD-Domain 
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CONCLUSIONS 

The passages above cover concept, realization and build-up of a novel T-junction test rig. It 

features rectangular cross sections in order to approach flow topologies similar to those that arise 

during admission and/or extraction of flow proportions in turbomachines. It utilizes a radial air 

compressor and is embedded in an already existing turbomachinery test facility infrastructure. 

Findings of a comprehensive preceding literature survey are incorporated in the design and 

specifications of the test section as well as results from prior works of the authors. The modular 

construction enables changes in angle of connection, shape of cross sectional area, transition radius 

and area ratio just by replacing parts of the test section. Beside geometric variation possibilities a shift 

of certain gas properties through injection of other non-liquid substances is applicable. The test rig is 

prepared to gain broad-based data with both conventional and optical measurement techniques. In 

doing so, gathered measurement data can be used as a reference for the validation of numerical flow 

solvers. Currently, the set-up is in a trial phase. First widespread measurement campaigns are 

scheduled in the first quarter of 2019. 
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APPENDIX 

Definitions and characteristic dimensions used in Table 1 are given below. 

 

Speed of sound in air: a R T    with adiabatic index , specific gas constant R and 

temperature T. 

 

Mach number: 
c

Ma
a

  based on velocity c and speed of sound in air a. 

 

Reynolds number: Re h

air

c d



 based on velocity c, hydraulic diameter dh and kinematic 

viscosity. 

 

The hydraulic diameter dh is calculated as 
2

h

b h
d

b h

 



. 

 


