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ABSTRACT

Turbochargers used in gasoline engines have their compressor outlet directly coupled to
the engine inlet via the throttle valve. On sudden closing of the throttle, the compressor
outlet is blocked, and the compressed air has no path to exit resulting in a compressor
surge. Compressor recirculation valves are used to connect the outlet of the compressor
to the inlet to recirculate excess air and thus reduce the compressor surge. Under normal
operating conditions, when the valve is closed, the channel connecting the compressor
inlet and the valve causes an inlet disturbance resulting in the reduction of compressor
efficiency. Hence a steady state CFD analysis of a gasoline engine turbocharger
compressor modelled with a recirculation channel at the inlet was conducted. The channel
connecting the compressor inlet and the recirculation valve was observed to cause inlet
aerodynamic disturbance resulting in a drop in compressor efficiency by 1%. To
overcome this problem, splitters were used in recirculation channels and 80% recovery
of loss was observed with the use of splitters.
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INTRODUCTION

Compressor Recirculation Valves (CRV’s) are usually fitted in a gasoline engine
turbocharger compressor to prevent compressor surge. Closing the throttle valve suddenly
blocks the compressor outlet resulting in excessive pressure rise in the compressor which
shifts the operating region of the compressor to surge. The excess air from the outlet is
recirculated back to the inlet with the help of a CRV. But under normal operating
conditions, when the CRV is closed, the recirculation channel (RC) connecting the CRV
and the inlet pipe was observed to cause aerodynamic disturbances at the inlet resulting
in a drop in compressor performance. To reduce the inlet distortion, splitters are modeled
in the RC and its effect on the compressor performance is studied. Splitters are modelled
and the compressor performance is compared between the following cases viz; Baseline
(No RC), without RC (without splitters), and with RC (splitters attached).

The effect of inlet distortion on compressor performance has been previously
studied. Experimental analysis of compressor performance due to inlet distortion has been
studied using artificially induced disturbances at the inlet [1-4]. Layers of honeycomb
structure was placed at the inlet to produce radial and circumferential distortion. A loss
in compressor efficiency was observed because of the inlet distortion. Also, it has been
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observed that bent pipe at the inlet of radial machines offer lesser efficiency than
compressors with straight inlet pipes [5-6]. Inlet distortion due to pipe bends or other
obstructions resulting in change in inlet flow distribution and further resulting in blade
failures due to resonance has been reported [7-8]. The impeller upstream flow structure,
its mechanism and its effect on the performance of the impeller and the compressor stage
has been presented [9-13]. Comparison of numerical and experimental flow field in a bent
duct has been demonstrated in [14-18]. No literature is observed which aims to reduce
the compressor losses because of the inlet distortions caused by the RC. Hence in this
study, the distortion caused by the RC at the inlet is studied using CFD and use of splitters
in RC and its role in recovering losses is discussed.

DESIGN AND ANALYSIS METHODOLOGY
A figure depicting a compressor fitted with a recirculation valve is shown in Figure 1(a).

A recirculation channel and a CFD model of splitter on bent pipe is shown in Figure 1(b)
and Figure 1(c), respectively.

COMPRESSOR OUTLET

COMPRESSOR INLET

@ ()

Figure 1. Details of (a) recirculation valve (b) RC modelled on pipe and; (c) splitter
modelled in RC

Modelling and Meshing

The CFD model consists of a volute, impeller and a bent inlet pipe with the RC modelled
on it. The gas path for the volute is extracted, diffuser width is modelled appropriately
and meshed using tetrahedral elements using a commercial CFD software. Prism layers
are provided to account for boundary layer effects. The extracted and meshed volute
casing is shown in Figure 2. The blade is meshed using hexahedral elements. The shroud
curve is modified to match the required trim. The meshed blade is shown in Figure 3. The
inlet bent pipe is modeled with a Bend ratio (B.R.) = 0.75 with bend ratio defined as r/D,
where r is radius of the bend and D is diameter of the bent pipe. The inlet pipe along with
RC is meshed using hexahedral elements. All the three domains are then assembled for
CFD analysis. The assembled CFD model without any RC is as shown in Figure 4. The
RC of diameter 26mm was modelled on the bent pipe. Splitters are modelled in two
different configurations, viz. splitter perpendicular to streamline flow and splitter along
the streamline flow. The two configurations of splitters are shown in Figure 5.
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Figure 2. Volute tetrahedral mesh with prism layers.

Figure 4. Assembled domain for CFD analysis depicting inlet pipe without RC.
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Figure 5. Splitter configurations.
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Boundary Conditions, Solution and Post Processing

The simulation is carried out for single speed with three operating conditions, viz. surge,
peak and choke point. A static pressure boundary condition is provided at the outlet and
total quantities of atmospheric pressure and temperature was provided at the inlet. The
RC is treated as a wall on all sides with no slip condition. The rotor is treated as a rotating
domain and was provided with an angular velocity boundary condition. Once the solution
is obtained, the efficiency of the compressor is calculated. Overall efficiency is calculated
using Equation 1. Wheel efficiency is calculated using Equation 2. Graphs of efficiency
versus corrected mass flow rate is plotted for different cases. The following cases are used
for the study:

i. Analysis of compressor performance without RC

ii. Analysis of compressor performance with RC
iii. Analysis of compressor performance with RC, with splitter along the flow

Iv. Analysis of compressor performance with RC, with splitter perpendicular to
flow.
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where Pot and P2wr are total pressures at exit of compressor and wheel, respectively, Pit
and Piwr are total pressures at inlet of compressor and wheel, respectively, and y is
adiabatic index.

VALIDATION OF CFD TOOL USING EXPERIMENTAL RESULTS

Experiments were carried out by welding the RC on the outlet region of the compressor
housing and the results were compared with numerical solutions to investigate the
sensitivity of the numerical simulation in replicating the nature of flow within the RC.
The pressure was varied using a valve at the outlet. The loss in efficiency observed in the
experimental results are compared with the loss obtained using numerical study. Loss can
be defined as the drop-in efficiency (calculated by Eq. (1) by measuring the total pressure
at inlet and outlet) of a compressor with the RC when compared to the efficiency of the
same compressor without the RC. The RC was modelled on the outlet at 90° from T-T
section as shown in Figure 6(a). The diameter used was 18 mm and experiments were
conducted for two RC heights of 10 mm and 20 mm. The CFD model of the same is
shown in Figure 6(b).
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Figure 6. RC modelled on the housing of the compressor in (a) schematic representation
and; (b) CFD model.

The results of experiments and numerical simulation is shown in Figures 7(a) and 7(b)
with the values tabulated in Table 1. CFD results match with close tolerance in case of
RC at 90° from TT both in 10 mm as well as 20 mm cases. It can be observed that in the
case of RC of height 10mm CFD predicts 0.75% loss at peak whereas experiment predicts
0.8% loss and in the case of 20 mm high RC CFD predicts 1.5% loss at peak whereas
experiment predicts 1.2% loss.

Table 1. Comparison of percentage loss at surge, peak and choke points

Height of RC %Loss at Surge %Loss at Peak %L oss at choke
CFD EXP CFD EXP CFD EXP
10 mm 0.61 0.9 0.75 0.8 0.97 1.1
20 mm 1.05 0.9 15 1.2 1.3 1
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Figure 7. Comparison of efficiency curves of experimental and numerical results for
(@) 10 mm and (b) 20 mm height

Evolution of flow at 5 different planes is shown in Figure 8 where velocity vector
plots in 5 different planes are depicted. It can be observed from Figure 8 that in the case
of 20 mm RC, the vortex formed in the RC interacts with the primary flow causing
distortion in the primary flow which results in loss of compressor efficiency. It can be
observed that CFD results match well with the experimental results and the mesh size,
and the boundary conditions will be used for further study. Even though the comparison
of experimental and CFD results was done using an RC modelled at the outlet, it is
assumed that a similar effect is captured by CFD in the RC modelled on the inlet pipe.

RESULTS AND DISCUSSION
The test matrix is shown in Table 2. The compressor performance was first evaluated
without any RC modelled on it (baseline). All other cases were compared with the

baseline.

Table 2. Test matrix

Case Maximum Loss Loss Recovery
Baseline (No RC) NA NA
RC without splitter 1% NA
RC with splitter along flow 0.2% 80%
RC with splitter perpendicular flow 0.75% 25%
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Figure 8. Velocity vector plots showing the evolution of flow at different planes.
RC Without Splitters

The results for RC modelled on the pipe without the splitter and its comparison of efficiency
values with the baseline are shown in Figure 9. It can be observed that a maximum loss of
about 1% is observed near the surge region. The loss at peak was observed to be around
0.5%. Streamlines were plotted to visualise the interaction of primary flow with the RC. It
can be observed from Figure 10 that the primary flow interacts with the RC forming a
secondary flow in the RC. To further analyse the effect of RC, axial velocity contour was
plotted close to the wheel inlet. Loss in momentum of air flow was observed in the case
where the RC was present. The comparison of axial velocity plot in the baseline and pipe
with RC is shown in Figure 11. Hence it can be concluded that the RC acts as a disturbance
to the inlet flow causing distortion resulting in a drop in compressor efficiency. To further
analyse the flow structure, distortion in axial velocity (Va) and relative tangential velocity
was plotted on a line close to the shroud (80% span) and close to the wheel. A fast Fourier
transform (FFT) was done to filter the blade passing frequency. Inverse FFT was further
done to bring back the plot in the time domain. The plot is shown in Figure 12. It can be
observed that, there is no significant change in axial velocity but a huge distortion in
tangential velocity is observed which reduces the compressor performance.
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Figure 9. Efficiency curves for compressor with and without RC.

Figure 10. Interaction of primary flow with the RC.
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Figure 11. Comparison of axial velocity plots for (a) baseline case and (b) compressor
with RC.
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Figure 12. Axial and tangential velocity at inlet for RC without splitter and baseline.

Further analysis was done to break down the stage loss. Losses were calculated
individually for pipe and wheel-volute loss using the same method as that used for the
stage. It was observed that, at peak, where the overall stage loss was 0.44%, the pipe loss
was 0.39% whereas the wheel-volute loss was 0.05% as shown in Figure 13. Hence,
maximum effect of RC was observed in the wheel and volute which resulted from the
distortions created in the pipe with RC attached.

0.44
0.39

0.05

Overall Loss Wheel-Volute  Pipe Loss
Loss

Figure 13. Loss breakout at peak point.
RC with Splitters Along Flow
The RC was modelled with splitter along the flow. The dimension of the splitter is

arbitrarily taken as 2mm. The RC with splitter modelled along the direction of flow is as
shown in Figure 13.
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Figure 14. Splitter modelled on RC along the direction of flow.

The efficiency graphs in Figure 15 show that the reduction in compressor
efficiency has been significantly reduced due to the presence of the splitter in the RC.
Only 0.2% loss in compressor efficiency is observed at the surge when the splitter is used
in a RC which previously showed 1% loss in compressor efficiency without the splitter.
Due to this configuration, the splitter effectively reduces the interference area in the
direction normal to the flow which in turn reduces the interaction of the primary flow
with the RC. This is shown in the streamline plot in Figure 16. Due to minimal interaction
of primary flow with the RC, the compressor performance was not affected. The
comparison of axial velocity plots at the wheel inlet is shown in Figure 17. The loss in
momentum has been reduced significantly when the splitter was used.
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Figure 15. Comparison of efficiency for baseline, with RC and with splitter along flow.
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Figure 16. Streamline flow showing feeble interaction of primary flow with RC.
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Figure 17. Comparison of axial velocities at inlet against RC without splitters and with
splitters along flow.

RC with Splitters Perpendicular to Flow

The following Figure 18 represents the splitters used in RC with its orientation
perpendicular to the flow. Efficiency curves in Figure 19 show no significant recovery of
losses. Drop in compressor efficiency is still prevalent. It can be seen from the streamline
plot in Figure 20 that splitters perpendicular to flow direction are not effective in
suppressing the vortices and recovering the losses. The reason being that higher frontal
area interferes with the primary flow. When the splitter was aligned along the flow, the
effective interference area normal to the flow was less, where as in other case half of the
circle cavity will directly interfere with the flow. This is illustrated in Figure 21. The
comparison of axial velocity plots at the wheel inlet is shown in Figure 22. It can be
observed that loss in momentum is not recovered with the use of splitters perpendicular
to flow.
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Figure 18. Splitters modelled on RC perpendicular to the flow direction
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Figure 19. Comparison of efficiency for baseline, with RC and with splitter along the
flow.

Figure 20. Streamline plot showing strong interaction of primary flow with the RC.
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Figure 21. Role of frontal area on flow interaction with RC with splitters in both
configurations.
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Figure 22. Comparison of axial velocities at inlet against RC without splitters and with
splitters perpendicular to the flow.

The biggest concern associated with the splitter is the obstruction of flow through
the valve due to blockage. Due to the presence of the splitter, when the valve is opened, the
flow is reduced. But increasing the interference area (size of the RC) and then adding the
splitter will solve the above problem. To analyse this, a smaller circular RC of 23mm
diameter was modelled without splitter. The efficiency graphs as in Figure 23 show that a
maximum of 0.4% drop in efficiency is observed at peak which is worse than a bigger RC
with splitter along the flow (only 0.2% at peak). Hence, a bigger RC can be used in
conjunction with a splitter without any noticeable loss in compressor performance. Overall
comparison of all cases is shown in Figure 24. It can be observed that RC with splitter along
the flow provides maximum restriction to flow interaction with RC and are hence effective
in reducing inlet distortions.
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Figure 23. Comparison of efficiency for baseline and smaller RC (@=23mm).
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Figure 24. Comparison of all configuration case studies.
CONCLUSION

Analysis shows that splitters along the flow are effective in reducing compressor losses when
a recirculation valve is used. The main reason being that the effective frontal area is split
into 2 halves due to which flow interaction with the RC is reduced. Hence, splitters along
the flow can be used to restrict entry of fluid through channels placed on bent pipes. The
distortion of flow profile is significantly reduced due to which huge drop in compressor
efficiency is not observed.
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