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ABSTRACT 
Flow losses are unavoidable present in a turbomachinery. In order to improve the efficiency, 

the losses must be adequately analyzed, e.g. in a numerical simulation. In this context, the 
present paper presents a procedure, by which numerically determined flow losses can be 
examined in detail.  

First, the flow in the turbomachine (axial flow pump for cardiac support) was simulated 
using the large eddy simulation method and it was verified that over 90% of the losses for the 
mean flow field were directly resolved. 

Afterwards, the relevant losses, namely the direct dissipation and turbulence production, 
were quantified within the pump using the “Power Loss Analysis” evaluation method. It was 
shown that the direct dissipation contributed to 80% to the total loss, whilst turbulent losses 
had a share of 20%. Regions with high losses were identified and a discussion about an 
optimization, in the special context of an axial flow pump for cardiac support, were given. 
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NOMENCLATURE                           SUB- AND SUPERSCRIPTS 
푀 torque, 푁푚 푓푙푢푖푑 fluid 
푄 flow rate, 푙 푚푖푛⁄  퐵푙푎푑푒푠 blades 
푛 rotational speed, 푟푝푚 푚표푑 modeled 
퐻  pressure head, 푚푚퐻푔 푟푒푠 resolved 
푃 power, 푊 푥,푦, 푧 directions 
푟 radius, 푚 푑푖푟 direct 
푝 pressure, 푃푎 푡표푡 total 
푉 volume, 푚  + non-dimensional distance, e.g. 푦  

푃  TKE production, 푚 푠⁄   OPERATORS 
휖  direct dissipation rate, 푚 푠⁄  〈푥〉 time-averaged variable 
휂  hydraulic efficiency, % 푥′ fluctuating variable 
휈 kinematic viscosity, 푚 푠⁄    ABBREVIATIONS 
휈  eddy viscosity, 푚 푠⁄        LES large eddy simulation 
휌 density, 푘푔 푚⁄        TKE turbulent kinetic energy 
휔 angular speed, 1 푠⁄        VAD Ventricular Assist Device 
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  INTRODUCTION 
Like every technical system, a hydraulic turbomachine experience losses during its operation. 

These losses can arise due to electrical losses in the drive motor, mechanical losses in the bearings 
and the shaft seals as well as hydraulic losses within the flow field of the machine.  

The hydraulic losses in a turbomachine reduce the usable pressure head 퐻 and hydraulic 
efficiency 휂 . Therefore, a minimization of the occurring losses and a maximization of the efficiency 
is a generally targeted optimization goal for a turbomachine. As (Gülich 2014) stated, the flow losses 
emerge due to two loss sources. First, from friction losses due to shear stresses in the boundary layers 
and secondly, due to turbulence losses caused by secondary flow, asymmetric velocity distribution, 
flow separation or wake flow.  

A calculation of the hydraulic efficiency alone, e.g. determined by a numerical simulation, 
does not permit the quantification and identification of the relevant loss shares and sources in a turbo-
machinery. Therefore, loss evaluation methods are needed, by which a detailed loss analysis can be 
performed.  

In this context, the current paper presents a numerical procedure, by which the occurring flow 
losses in a turbomachine can be quantified and examined in detail. Therefore, the flow field in a 
turbomachine (axial flow pump for cardiac support) was computed by using a turbulence-resolving 
simulation method, the large eddy simulation (LES). Afterwards, a loss evaluation method, the Power 
Loss Analysis (PLA), was applied to the resulting flow field. In the PLA, the flow losses for the mean 
(time-averaged) flow field are divided into two loss shares, the direct dissipation 휖  and production 
푃  of turbulent kinetic energy (TKE), and the contribution of these loss shares to the total flow loss 
can be quantified. Furthermore, the PLA reveals, whether or not the loss shares are adequately 
computed by the numerical simulation. 

Afterwards, the distributions of the both loss quantities, the direct dissipation 휖  and the 
TKE production 푃 , were investigated in the flow field. Regions of high losses were visualized and 
sources for these losses were identified. Furthermore, it was discussed, why a reduction of the 
occurring losses is complicated in the special kind of turbomachine, which was used for the present 
analysis.   

METHODS 
The following section describes the applied computational model of the investigated pump 

with focus on the explanation of the used CFD setup and the Power Loss Analysis.  

 

Figure 1) Axial continuous-flow pump for cardiac support: INCOR® from Berlin Heart 
GmbH. The figure is taken from (Konnigk et al. 2018). 
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 Flow pump model and computational setup 
 The investigated, axial flow pump is a Ventricular Assist Device (VAD). Those pumps are 

implanted in patients with severe heart failure. The devices assist the diseased heart in its function to 
transport the blood within the circulatory system. One assist device, which is currently implanted into 
heart failure patients is shown in figure 1.  

The VAD, which is used in this study, is a solely research pump and was designed by our 
institute. It is used to study the occurring flow phenomena in VADs. This research VAD is shown in 
figure 2a.  The axial flow pump has five curved inlet guide vane blades, two impeller blades and a 
three-bladed outlet guide vane. The gap between blade tip and casing is 120 µm. The pump was 
designed for a pressure head of 70 mmHg (≈9,300 Pa) at a flow rate of 4.5 l/min (7.5e-5 m3/s). The 
design point is reached at an impeller speed of 7,900 rpm. The coupling of rotating and stationary 
domains was simulated by transient sliding mesh interfaces. The flow rate was set at the outlet to a 
constant value and a total pressure equal to zero was set at the inlet. To prevent a negative influence 
of boundary conditions on the pump’s flow, the inlet and outlet were set five and seven casing 
diameters away from the VAD. The blood was treated as a Newtonian fluid with a density of 
1050 kg/m3 and a dynamic viscosity of 3.5 mPas. The generally shear-thinning character of blood can 
be neglected in this study, because the viscosity is constant for shear rates over 100 1/s (Merrill 1969). 
The dynamic Smagorinsky model was chosen for the closure of the LES equations and for the 
modeling of the smallest turbulent scales. The dynamic model has benefits regarding its adaption of 
the Smagorinsky constant CS in regions of laminar flow, e.g. in the inlet region and near the walls 
(Breuer 2002). Hence, CS is bounded between 0.0 and 0.3. After a converged solution, in terms of 
stable residuals and monitored flow variables like pressure head and velocity at several locations, 
time-averaging was started for ten impeller revolutions.  

 
 
 
 

Figure 2a) Computational domain, b) Surface mesh and exemplary volume mesh in a cut-plane 
near the impeller’s leading edge. The figures are taken from (Torner et al. 2018). 

inflow outflow 

outlet guide vane inlet guide vane a) 

b) impeller impeller 
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Spatial and temporal discretization 
A block-structured and hexahedral mesh was created using ANSYS ICEM (ANSYS, Inc., 

Canonsburg, USA). A section of the mesh can be seen in Figure 2b. To obtain a sufficient resolution 
of turbulent quantities and gradients, the mesh was built using literature recommendations regarding 
proposed mesh qualities of scale-resolving simulations from (Fröhlich 2006; Menter 2015). In 
summary, the mesh has to be built in a way, that the distance between the nodes respects the upper 
limits of the dimensionless coordinates 푥 = (푥 ⋅ 〈휏 〉/휌) . /휈 = 50, 푧 = 15 and 푦 ≈ (1 … 1.5) 
in streamwise, spanwise and wall-normal direction, where 휏  is the wall shear stress. The mesh 
growth factor is 1.05 in the wall-normal direction. Furthermore, grid angles are greater than 23° and 
aspect ratios smaller than 41 at the walls (max. 4 in core flow of the impeller).  

The impeller gap was discretized with 28 elements between blade and casing. The final mesh 
for the LES calculations has 101M elements. ANSYS CFX was used to solve the three-dimensional, 
incompressible LES equations by the finite volume method. A bounded Central Differencing Scheme 
(CDS) was used to discretize the spatial gradients. The CDS was bounded to prevent numerical 
oscillations due to high gradients, i.e. “wiggles”. The transient term was discretized by a second order 
backward scheme and the time step equals a rotational increment of 0.36°, which is approximately 
53 µs. This results in a root-mean-square Courant-Friedrichs-Lewy number of 0.4. 

 
Power Loss Analysis (PLA) 
The PLA can be used to examine, if the internal flow losses are adequately resolved by an 

arbitrary numerical flow computation. The method is graphically shown in figure 3. The PLA 
compares the energy loss for the time-averaged flow system by two total power losses 푃 .  

 

 
Figure 3) Sketch of the Power Loss Analysis. The flow chart is inspired by (Herwig 2008). 

The first one is the total loss 푃 ,  calculated by taking the blades torque 푀  at the 
impeller boundary and the total pressure increase Δ푝  between the outlet and inlet of the system, 
Eq. (1). Converting these variables to a power, the first loss term 푃 ,  is calculated by the deviation 
between the drive power of the blades 푃  and the increase of hydraulic power 푃  in the mean 
flow. Therefore, Eq. (1) includes the angular velocity 휔 and the flow rate 푄: 

 
푃 , = 푃 − 푃 = 푀 ⋅ 휔 − Δ푝 ⋅ 푄 (1) 

 
The second loss term 푃 ,  is determined by the volume integral of all flow losses, which are 

present within the flow field, Eq. (5). As a common-used technique, the turbulent flow field is treated 
in a statistical framework and the flow quantities are decomposed in a mean or time-averaged 〈휙〉 
and a fluctuating 휙′ flow part. Therefore, the second total loss term 푃 ,  has to be separated into 
the loss shares from the direct dissipation 휖  and the turbulence production 푃 . 
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The energy loss for the mean flow by mean velocity gradients is characterized by the direct 
dissipation, Eq. (2).  

 

푃 = 휌 휀  푑푉 = 휌 휈 〈
휕푢
휕푥

〉 〈
휕푢
휕푥

〉 + 〈
휕푢
휕푥

〉  푑푉 
(2) 

 
The energy loss for the mean flow due to resolved turbulent fluctuations can be calculated by 

integrating the production of resolved TKE: 
 

푃 , = 휌 −〈푢 푢 ′〉 〈
휕푢
휕푥

〉 푑푉. 
(3) 

 
Since the LES does not resolve all turbulent motions, the modeled loss contribution from the 

smallest scales has to be included to the total loss. The LES turbulence (or SGS) model has to ensure 
that a proper amount of turbulent dissipation from the smallest scales is provided. Due to the 
equilibrium between turbulence production and dissipation at these smallest scales (Fröhlich 2006), 
the turbulence losses from the used Smagorinsky model can be written as:   

 

푃 , = 휌 휈 〈
휕푢
휕푥

휕푢
휕푥 +

휕푢
휕푥

〉  푑푉. (4) 

 
At least, the second term for the total power loss 푃 ,  of the system can be calculated by 

Eq. (5). 
 

푃 , = 푃 + 푃 , + 푃 ,  (5) 
 
The result of both loss terms should be identical per definition. But to resolve all internal 

losses, a fully resolved flow field and an appropriate turbulence modeling is necessary. Hence, the 
results of both terms will differ by a certain value on different mesh sizes. The resulting deviation 
푃 , − 푃 , 푃 ,  indicates, whether a computational setup including its discretization and 

turbulence modeling is capable for resolving the internal flow losses adequately. 
Furthermore, it is possible to examine the percentage contribution of different loss shares to 

the total power loss 푃 , . By doing so, it can be concluded, which amount of loss is attributed to 
turbulence and how much of the turbulent losses are directly resolved or modeled. 

Further information regarding the Power Loss Analysis can be found in (Torner et al. 2018) 
and (Konnigk et al. 2018). 

RESULTS AND DISCUSSION 
Power Loss Analysis (PLA) 
At first, the results of the PLA are shown. The power loss calculated by the difference between 

drive and the hydraulic power (Eq. (1)) is 푃 , = 1.492 푊. The power loss of the pump calculated 
by the volume-integral of all internal flow losses (Eq. (5)) is 푃 , = 1.470 푊. The relative deviation 
between the two results is 푃 , − 푃 , 푃 , = −1.5 %.  

To analyse the influence of the discretization and LES modeling, the PLA was also calculated 
on coarser mesh sizes using the same CFD setup as explained in the method chapter. The results are 
displayed in figure 4. It can be seen in figure 4a that the power loss 푃 ,  is relatively constant over 
the mesh size between 10M and 100M mesh elements. Hence, the impeller’s torque 푀  as well 
as the pressure increase Δ푝  are adequately reflected by LES on smaller mesh sizes, too.  
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The relative deviation between the two total power losses 푃 ,  and 푃 ,  are shown in 

figure 4b. The relative deviation is about 2% for the 30 M mesh and decreases slowly with increasing 
mesh size. Here, it can be noted that the simulations with 30M mesh elements and higher are 
appropriate to reflect the total flow loss 푃 ,  with the total flow loss 푃 , , determined by the 
internal losses: direct dissipation and turbulence production.  

Additionally, it can be examined using the PLA, which amount of loss can be attributed to 
turbulence. For the LES computation at nominal load, the power loss due to direct dissipation is 
1.159 W which are 79% of the total loss. For the flow losses due to the production of TKE, the shares 
of the resolved and modeled parts are 19.5% (0.286 W) and 1.5% (0.025 W), respectively. The 
sources of these flow losses will be discussed in the following section. 

 

  
 

Figure 4a) Course of 푷풍풐풔풔,ퟏ with increasing mesh size. b) Relative difference between the two 
power losses with increasing mesh size. 
 

Furthermore, the PLA gives information about the resolved and modeled shares of turbulent 
losses. Approximately 92% of the turbulent losses are directly resolved by the LES. This is in 
accordance with the basic theory of turbulent flows, since turbulent production occurs at the energy 
containing, largest turbulent scales, which should be adequately computed by an LES computation 
(Pope 2000).   

 
General analysis of loss-related flow variables within the VAD 
The losses reduce the hydraulic output power 푃  within the VAD. Contrarly, the rotating 

blades constantly adding new energy by 푃  into the flow field. Both processes affect the static 
pressure 푝  and the velocities 푢 . To analyze the course of these flow variables more in detail, the 
instantaneous static and dynamic pressures are plotted in a blade-to-blade view through the impeller 
and guide vane at a constant radius ratio of 푟 푅⁄ = 0.5 in figure 5, where 푅  is the casing radius. The 
velocities are associated with the dynamic pressure by 푝 = 휌 푢 2⁄ . Furthermore, the total pressure 
푝  is shown in figure 5. The total pressure 푝  determines the hydraulic power 푃  (output power) 
and is plotted against the drive power 푃  (input power) on the lower left side in figure 5. 

It can beobserved in figure 5 that the total pressure 푝  increases via the impeller due to the 
increase of static pressure (deceleration of velocity in relative frame) and dynamic pressure (increase 
in circumferential velocity in stationary frame). Despite the increase in total pressure, the losses 
decrease the impeller’s hydraulic efficiency to 휂 = 푃 푃⁄ ≈ 49%. The similar outcome 
can be locally seen by the ratio of (푝 ⋅ 푄) and 푃  in figure 5. Even though the ratio increases 
via the impeller, it stagnated between (40…60)% at the impeller’s outlet. Downstream, the ratio 
further decreases due to flow losses in the outlet guide vane and the hydraulic efficiency is            
휂 ≈ 33% for the whole pump.  
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Some information regarding the flow losses within the VAD can be obtained from the 

analyzed pressure fields. Nevertheless, the detailed sources of losses cannot be seen. Therefore, the 
losses from dissipation and TKE production are directly investigated in the next section. 

 

 
Figure 5) blade-to-blade-view of flow loss-related variables in the instantaneous flow field at a 
radius ratio of 풓 푹풄⁄ = ퟎ.ퟓ. Upper left: course of the specific dynamic pressure 풑풅풚풏 흆⁄ . Upper 
right: course of the specific static pressure 풑풔 흆⁄ . Lower left: course of the specific total pressure 
풑풕풐풕 흆⁄ . Lower right: ratio between (풑풕풐풕 ⋅ 푸) and 푷풃풍풂풅풆풔 in percent. 

 
Mean and turbulent loss sources in the flow field 
Losses for the mean flow due to direct dissipation 
In a previous section, it was shown that the direct dissipation accounts for the highest loss 

share in the VAD with 79%. This loss is caused by the gradients in the mean velocity field. The 
highest gradients occur due to the interaction of the fluid flow with the walls. High direct dissipation 
fields in the VAD exist at the hub and the blades (figure 6a) and at the casing (figure 6b). A region 
with the highest direct dissipation rate of 휖 ≥ 2.0푒 푚 푠⁄  exists near the leading edge of the 
impeller and the outlet guide vane blades. Here, the fluid has a high velocity (in a relative frame of 
reference for the impeller) and interacts with the blade. Additionally, generally high direct dissipation 
regions between 휖 = (1.2푒 … 2.0푒 )푚 푠⁄  appear at the whole impeller surface.  

Another loss source for the mean flow field is the gap flow with dissipation rates of               
휖 ≥ 2.0푒 푚 푠⁄ . In this secondary flow path, the mechanical energy is throttled and results in 
high losses (Gülich 2014). This is especially the case in regions with high pressure gradients between 
the pressure and suction sides, which is the reason for the altering dissipation rates in the gap region.  

푝
휌 =

푢
2  

푝
휌  

푝
휌 =

푝
휌 +

푝
휌  푝 ⋅ 푄

푃  
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Figure 6) Direct dissipation rates on the pump's surfaces; a) hub and blades; b) casing. 
Streamlines of shear stresses at the walls are included to illustrate the near-wall flow. 

 
Losses for the mean flow due to production of turbulence 
It was shown by the PLA results that the share of TKE production on the total losses is around 

20%, which is small but not negligible and it reveals that turbulent structures are active in the VAD’s 
flow field. The turbulent fluctuations are initiated within the pump due to different flow phenomena. 
Some of the dominant ones will be explained hereinafter.  

In figure 7a and 7b, some dominant, turbulent flow pattern are visualized. Figure 7a shows 
the TKE production in three cut-planes in the entrance and within the blade’s channel of the impeller. 
Furthermore, the TKE production is shown in a blade-to-blade view through the impeller and guide 
vane at a constant radius ratio of 푟 푅⁄ = 0.8 in figure 6b. The TKE production is displayed in a range 
between 푃 = (0.1푒 … 1.0푒 )푚 푠⁄ , which is more than one magnitude lower as the range for 
the direct dissipation.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7) Regions with increased TKE production. a) cut-planes through the blade’s channel. 
b) blade-to-blade-view at a radius ratio of 풓 푹풄⁄ = ퟎ.ퟖ.  
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The gap vortex is a striking region for high TKE production rates (A). This secondary flow 

structure arises behind the leading edge of the impeller due to the interaction of the gap flow with the 
radial outward showing boundary layer flow at the blade’s suction side. The gap vortex is clearly 
noticeable in both figures.  
 Furthermore, two additional turbulent loss sources are identifiable in the blade-to-blade view. 
First, a boundary layer separation right behind the leading edge at the pressure side of the 
impeller (B). The separation bubble triggers velocity fluctuations behind the leading edge. Secondly, 
the wake flow behind the trailing edge of the blade (C), which lead to a high turbulence production 
and increased TKE in the region between the rotary impeller and stationary outlet guide vane. 

Another source of increased turbulence production arises from the flow, which is driven 
around the impeller blades’s leading edge near the hub (D, E). This pattern is shown in the cut-planes 
in figure 6a. Here, two regions of increased TKE production rates occur at the blade’s suction and 
pressure side behind the leading edge. At the suction side (D), this region interacts with the inlet guide 
vane flow and built a vortical structure like one branch of a horseshoe vortex, which propagate into 
the entrance of the blade’s channel until it reaches the leading edge of the following impeller blade. 
Beyond that, high turbulence production rates can be seen in the turbulent boundary layers of the hub 
(F) and the casing (G), where sustained, streak-shaped flow pattern are observable in the 
instantaneous flow field (not shown here).  
 

Discussion regarding the reduction of mean and turbulent flow losses in the VAD 
The analyzed loss sources above lead to a hydraulic efficiency of 휂 ≈ 33% at nominal load, 

where ≈80% of the flow losses occur in the impeller domain (Torner et al. 2017). This efficiency is 
low compared to the nominal operation point of turbomachines in other areas of application (e.g. in 
(Witte et al. 2018)). Nonetheless, (Fraser et al. 2011) stated that typical efficiencies of VADs are in 
the range between 휂 = (20 … 30)%.  

Indeed, the efficiency is not the most important parameter in the design process of a VAD, 
which is the reason for these small values. In fact, parameters like an appropriate bearing concept, 
low dimensions, low blood cell alteration and damage, a proper wash-out as well as a sufficient and 
reliable blood flow over a wide range of operation conditions are more important for the design. Some 
of these design goals are in contradiction with a high efficiency. This is, for example, the case with 
the gap size. As can be seen in the analysis of the direct dissipation, the gap flow contributes to high 
flow losses. A reduction of the gap would decrease the leakage flow and increase efficiency (Gülich 
2014). Nonetheless, a smaller gap leads to higher shear stresses in conjunction with a higher potential 
for blood damage. Furthermore, the risk increases that an impeller with a magnetic bearing touches 
the casing with smaller gap size due to imbalances (Fraser et al. 2011).  

Additionally, it can be seen in the flow loss analysis that the interaction of the rotating impeller 
with the passing flow produce high dissipative losses. A reduction of rotational speed would decrease 
this direct dissipation. Contrarily, the reduction of rotational speed will decrease the pressure head. 
But pressure heads between H= (70 … 100) mmHg at 푄 = (4.5 … 7) 푙 푚푖푛⁄  are needed for the 
nominal/typical operation point of a VAD (as in (Thamsen et al. 2015; Burgreen et al. 2004; 
Wiegmann et al. 2017)). Hence, a decrease of the rotational speed must be compensated by an increase 
of the VAD’s geometrical size to maintain these conditions, which is in contradiction with the design 
goal of small dimensions.  

Regarding turbulent flow losses, an optimization can be conducted to prevent the flow sepa-
ration behind the leading edge of the impeller blades by alter the blade shape or the blade’s angle. 
Furthermore, the trailing edge can be optimized to potentially reduce the high turbulence production. 
But, since the PLA shows that turbulent losses are just a small share of the total losses, a significant 
increase in hydraulic efficiency cannot be expected, particularly because turbulent flow losses, like 
these from the gap vortex or other turbulent, secondary flow structures, are unenviable existent in a 
turbomachinery (Lakshminarayana 2007).   
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SUMMARY AND CONCLUSION 
In this paper, the flow losses for the mean (time-averaged) flow field were analysed for an 

axial flow pump for cardiac support (VAD) at the nominal operation point in detail. The flow field 
was simulated using the Large-Eddy Simulation (LES) method.  

First, it was verified that the performed LES computation can reflect the internal flow losses, 
namely direct dissipation and production of turbulent kinetic energy (TKE). These parameters were 
analysed using the Power Loss Analysis (PLA). It could be shown that the LES can adequately 
reproduce these loss shares with a relative deviation of 1.5% compared to the total flow loss, 
determined with the pump characteristics of blade’s torque and pressure head. Furthermore, the LES 
resolved 90% of the turbulent losses directly in the flow field and just a small share was modeled.  

Afterwards, the loss shares were analysed. The direct dissipation contributes to nearly 80% to 
the total power loss in the VAD’s flow. The main sources for this loss share were found in the 
boundary layer of the rotating impeller, the leading edge of the outflow guide vane as well as in the 
large gap region. Furthermore, reasons were discussed, why it is complicated to reduce these losses 
due to the various and special demands of a “good” VAD design.  

The second, analysed loss share for the mean flow, the production of TKE, plays a less 
important role in the energy budget of the analysed VAD’s flow. Approximately 20% of the total flow 
losses can be attributed to turbulent losses. Turbulent flow pattern, which are sources of turbulent 
losses, were identified in the flow field and their contribution to the loss were quantified by analysing 
the TKE production within these patterns. 

For our VAD, an optimization regarding a higher efficiency than the present one (휂 ≈ 33%) 
is realizable by optimizing the blades shape or the blade’s angle. Nevertheless, an increase of 
hydraulic efficiency is possible up to a certain level, but must be in balance with more important VAD 
design claims like a high biocompatibility or a miniaturized design.  

The conclusion that can be drawn from these results is that the use of the Power Loss Analysis 
in combination with flow visualisation of the loss shares is an adequate procedure to account for the 
relevant flow losses within the turbomachinery. Especially for flows in other turbomachines at higher 
Reynolds numbers, where turbulence become more important, the separation of mean and turbulent 
flow losses is a helpful procedure to quantify the relevant loss shares and identify potential regions 
for optimization in the wall flow as well as in the core flow region of the machine. 

As a general concept for future work, the PLA can be expanded by isolating interesting flow 
areas, like the gap vortex region, and determine the loss shares in those areas. By doing so, the loss 
contribution of a single flow region can be quantified, which would further increase the understanding 
of the relevant flow losses in an analyzed turbomachine.   
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