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ABSTRACT

The dissipation rate in a flow is a measure of the transition from mechanical flow energy to
internal energy and thus represents a loss for the flow. For this reason, it is useful to investigate
high dissipation rates when optimizing the flow in turbo pumps, to identify areas where energy
is lost in the pump flow. Nowadays, flow optimizations are carried out with the help of
numerical flow computations and mostly simulation methods as URANS are used for
optimization. In this context, our study analyzes the suitability of two URANS computations
with respect to the calculation of dissipation rates by comparing these simulations with higher-
order simulation methods.

To reach this goal, a DNS computation of a generic turbulent channel flow and a highly
turbulence-resolving LES of a turbo pump for cardiac support were performed at first. These
simulations built the validation and comparison basis for further URANS computations with
stronger turbulence modeling using a - -SST and a -based Reynolds stress model. The
direct (viscous) and turbulent dissipation rates were compared between the simulations.
Notable differences were found in the computation of direct and turbulent dissipation rates
between RANS/URANS and DNS/LES in both simulation cases. For the turbo pump for cardiac
support, all simulations resulted in similar pressure heads as well as efficiencies. Nevertheless,
the URANS computations underestimated the direct and turbulent dissipation in the turbo
pump compared to the LES. A phenomenological study was then conducted to determine in
which flow regions high dissipation rates occur in the turbo pump. Finally, it was discussed why
an adequate calculation of dissipation rates is important in the specific context of a turbo pump
for cardiac support.
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turbulent kinetic energy, % 2 coarse

theoretical order of the discreti- + non-dimensional distance, e.g.
zation scheme, — *
rotational speed, , indices
pressure, direct
velocity, / hydraulic loss
» circumferential velocity at the bla- total
de tip, /
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/
*  channel velocity Y= / - time-averaged variable

»  radius at the blade tip, fluctuating variable

wall-normal growth rate, —

grid coarsening factor, — ABBREVIATIONS
equivalent stress,
dynamic viscosity, DNS direct numerical simulation
dissipation rate, % 3 LES large-eddy simulation
efficiency, % LES-IQ LES index of quality
kinematic viscosity, % Re Reynolds number
density, / 2 SST - -SST model

A grid width, TKE turbulent kinetic energy
wall shear stress, RS -based Reynolds stress model
turbulent eddy frequency, 1/ (U)RANS (unsteady) Reynolds-averaged

Navier-Stokes simulation

INTRODUCTION

As in every flow system, the useful power of a turbo pump is reduced due to occurring losses. These
losses are categorized as electrical losses in the driving motor, as frictional losses in the shaft bearings
as well as hydraulic losses in the flow of the pump. The hydraulic losses of a pump reduce the usable
total pressure head A (static and dynamic pressure), which decrease efficiency  as well. Hence,
the reduction of the hydraulic losses is still a primary optimization target for a turbo pump.
Experimentally, the hydraulic losses can be addressed by measuring the blade torque , the
rotational speed , the pump flow rate  and the pressure head A, Eq. (1).

= 2 - A (1)

The disadvantage of this experimental determination method is that the loss is only determined with
variables at the system boundaries (at the blades, the inlet, and the outlet) of the pump. It is therefore
not possible to evaluate where the losses directly occur within the machine. With numerical flow
computations, it is also possible to specify the hydraulic losses by Eq. (1). Additionally, the internal
loss sources, which lead to the hydraulic loss, can directly be analysed within the flow field. The flow
variables that need to be investigated are the dissipation rates in the system, as they describe the
transition from flow energy (pressure and kinetic energy) to internal energy (Herwig 2008). Assuming
a statistically steady flow, Eq. (1) can be extended to Eq. (2), which includes the total dissipation

= - A = I = J' 2 )
For a time-averaged and statistically steady flow, the total dissipation rate consist of two
components - the direct (viscous) dissipation and the dissipation  of the (turbulent) fluctuating



motion (Elsner and Elsner 1995; Gersten and Herwig 1992). Both terms are defined in the next
section.

Currently, most flow simulations in turbo pumps are performed using (unsteady) Reynolds-averaged
Navier-Stokes simulation (URANS) methods. With these methods, it is possible to evaluate the direct
dissipation directly from the computed flow field. Besides, all occurring turbulent motions are
modelled by turbulence models and so is the turbulent dissipation = , which is strongly
influenced by the performance of the turbulence model.

Therefore, this study aims 1.) to investigate the direct and turbulent dissipation rates in two simulation
cases: a generic channel flow and an axial turbo pump flow simulation. 11.) Also, we want to analyze
whether it is possible to achieve the same quantitative dissipation rates with an (U)RANS method
compared to higher-order simulation methods. Furthermore 111.), we want to show relevant regions
in the turbo pump, where high dissipation rates are present.

To reach these goals, a generic channel flow was simulated using DNS and two RANS computations
in the first place, to evaluate the general capability of two RANS turbulence models for predicting
the dissipation rates in a generic flow. Afterwards, URANS simulations with the same turbulence
models were performed in an axial turbo pump, which is used for cardiac support. The dissipation
rates of these URANS computation were compared to the results of highly turbulence-resolving LES
computation. Furthermore, the turbulent flow patterns, in which high dissipation rates act, will be
identified and discussed in the pump.

DISSIPATION RATE — THEORY AND SIMULATION

Considering a 3D, isothermal, incompressible, turbulent, time-averaged and statistically steady flow
of a Newtonian fluid without external forces, the mechanical energy equation of the mean (time-
averaged) flow field can be written as stated in Eq. (3).

2
— (=) =« )+ D+ 2)—( )-C ) Eq. (3)

with:

0 mean Kinetic energy R —

o diffusionterm 1 ( 1) 2 —( )

o diffusion term 2 (DI F2- —( )

o turbulence production ( ) - 5 —

o direct dissipation ( ) =
It can be seen from Eq. (3) that the direct dissipation is an energy loss for the mean (time-
averaged) flow field. This term describes the energy transfer from the mean flow due to gradients of
the time-averaged velocities / directly into heat (Gersten and Herwig 1992). A second loss

term exists for the mean flow. This is the turbulence production ( ), which represents the transfer
from mean flow energy into the turbulent fluctuating motion (Pope 2000). The turbulent motion
receives the energy by turbulence production in its large, energy containing turbulent scales. By
complex transport mechanisms, these large scales transfer the energy via a turbulent energy cascade
to smaller turbulent scales until the energy finally dissipates due to the dissipation of the (turbulent)
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fluctuating motion  (in the following also named as resolved turbulent dissipation rate). The process
can also be described by the equation for the mechanical energy of the turbulent motions, see Eq. (4).
The equations (3) and (4) describe the energy balance for the mean flow and the turbulent motions.
The loss terms for the mean flow can be identified from these equations. These are the direct
dissipation as well as the turbulent dissipation . A loss analysis can theoretically be performed
using these loss terms, when the flow is completely resolved by a simulation, e.g. by a fully resolved
DNS.

2

—(T):‘—( (O T))+( 3) - ( )+ () Eq. (4)

with:

0 turbulent kinetic energy —

o diffusion term 3 ( ) —(- )
o dissipation of the fluctuating motion ( ) =
o turbulence production ( ) - ' —

When a RANS turbulence model is applied in the simulation, the turbulent part of the flow is modeled
instead of being resolved. Therefore, the modeled dissipation from the modeled turbulent field must
be considered to account for the turbulent dissipation = . This can be done for the turbulence
models applied in this study ( - -SST, -Reynolds stress), by analyzing the modeled dissipation

, Which is a direct solution term from the transport equations of the respective turbulence model.

METHODS

In total, six simulations were performed for this study. Before the details of the respective setups will
be presented, the mutuality of the individual setups is explained. For both simulation cases, one
DNS/LES and two RANS/URANS simulations will be presented. The solving of the governing
equations was conducted using ANSYS CFX 18.0 (ANSYS, Inc., Canonsburg, USA). The hexahedral,
block-structured grids were created with ICEM CFD 18.0. In both simulation cases, the Newtonian
fluid had the following fluid properties: =1 050/ 3, =35
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Figure 1: Domain size and DNS grid of the turbulent channel flow simulation.

Case 1 - Turbulent channel flow

The turbulent channel flow was computed at a friction Reynolds number = / =18.0he
size of the computational domain( x x )is(5 x2 x 2 ),seeFig. 1. It was demonstrated
by (Kim et al. 1987) that this domain size is adequate for the chosen Reynolds number. With the
prescribed wall shear stress , a corresponding pressure gradient was specified between the cyclic
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boundary condition at the inlet and outlet. A no-slip condition was set at the hydraulically smooth
walls. Besides, the boundaries at the sides (spanwise directions) were implemented as cyclic boundary
conditions. For all simulations, wall-normal planes were set at various height positions to obtain area-
averaged, two-dimensional variables for the time-averaged flow field.
Since a DNS needs to resolve all turbulent scales within a flow, a fine computational grid was created
based on literature data from (Moser et al. 1999) with a grid width in the streamwise direction of
A=A /=1 8in the spanwise direction of A * = 6 and in the wall-normal direction of
17 1atthe wall and A * = 4 at the half channel height. This grid strategy led to a grid with
8 million grid elements, which is shown in figure 1. A 2" order central differencing scheme was used
to discretize the advection term and a 2" order Euler backward scheme was applied for the temporal
discretization. We used a maximum CFL number of less than one. The simulation ran until maximal
residuals dropped below 1 0# within a time step and, in general, until all time-averaged statistics
reached a value of zero (ca. 150k time steps). After this, the simulation was validated in terms of
velocity profiles as well as total dissipation rates based on the DNS results of (Moser et al. 1999).
Besides, channel simulations with two RANS turbulence model were performed. The chosen
turbulence models werethe - -SST (Menter 1994) andthe -Reynolds stress model (Wilcox 2006).
The grid sizes (ca. 400k grid elements) were twenty times smaller as for the DNS. Our meshing
strategy was to keep ; < 2 at the walls and the aspect ratios of the elements smaller than 100
(ANSYS Inc. 2017). Both simulations were performed until maximal residuals dropped below 1 08,
Further validation studies and grid independency of the simulations were already demonstrated by
means of an extended uncertainty quantification in (Konnigk et al. 2018).

Case 2 - Turbulent flow in an axial turbo pump for cardiac support

The investigated pump is an axial turbo pump for cardiac support. The design rationale of this pump
was briefly explained in (Torner et al. 2019). It consists of an inflow cannula, inlet guide vane,
impeller, outlet guide vane, and an outflow cannula. The pump model is shown in Fig. 2.

It has a nominal operation pointof = 45/ and =77 (A =1@64 )witha
rotational speed of = 7,9 0 0 . Since the Reynolds number of this pump for cardiac support is
relatively low with = ,25 =3 1 6 compared to industrial turbomachinery (in the range
of =1 6 (Gourdain et al. 2014)), the application of a highly turbulence-resolving simulation
method is more applicable for such pumps compared to industrial pumps.

Therefore, we decided to simulate the pump with a highly turbulence resolving method, the large-
eddy simulation (LES) with a dynamic Smagorinsky-Lilly model (Breuer 2001). The grid was built
with the help of literature recommendations from (Frohlich 2006) and (Menter 2015) with a wall-
normal grid resolution of ; < 1 at the wall, a wall-normal grid growth rate = 1.0 5and aspect
ratios between 1-5 from a wall distance of * > 1 0.@or the streamwise and spanwise directions,
the grid had a resolution of A * < 5 0and A * < 2 0The resulting, final grid had a size of 103
million grid elements. A bounded central differencing scheme was used for spatial discretization and
a 2" order scheme was applied in time. We used an RMS CFL number of 0.6, which results in a time
step equivalent to 0.36° impeller revolutions. The impeller speed was 7,9 0 O , the rotation was
modelled using a sliding grid approach and the rotating and stationary frames were coupled using
general grid interfaces. As boundary conditions, a constant flow rate of = 45 / was set at the
outlet and a zero total pressure was defined at the inlet. No turbulent perturbations were defined at
the inlet since the inflow Reynolds number is too small to expect a turbulent flow before the pump
inlet (Torner et al. 2019). The simulation ran over 50 revolutions, while the accumulation of time-
averaged values started after 30 revolutions. An RMS residual of = 1 0° was reached after 4 inner
loops within a time step.

We could show in previous studies for this highly turbulence-resolving LES (Torner et al. 2018;
Torner et al. 2019) that the modeled turbulent dissipation from the LES turbulence model is
way smaller (= 10 times) than the resolved turbulent dissipation  within the flow (Torner et al. 2017;
Torner et al. 2018; Torner et al. 2019). Therefore, the modelled turbulent dissipation rate from the
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LES was neglected in this study. We will also show in the verification and validation section of this
paper that our LES has a high degree of flow resolution and furthermore, can reproduce
experimentally measured pump characteristics adequately.

inlet guide vane outlet guide vane

outflow

inflow cannula
cannula

impeller
Radius of the impeller: 5.5 mm Lenght of the inlet-guide vane: 26 mm
Radius of the housing: 8 mm Length of the outlet-guide vane:40 mm

Length the impeller: 19 mm gap height: 120 pm

Figure 2: Top: pump model with geometrical parameter. Bottom: (a) LES grid at the
wetted surfaces of the pump. (b) LES volume grid near the leading edge of the impeller.

The LES results build the comparison basis for two URANS computations. These simulations were
performed within the same computational domain, with the same boundary conditions and reached
the same RMS residuals as the LES. Contrary, the URANS grids had a much smaller size with 16
million elements, a ; -value of approximately one and a wall-normal growth rate of 1.2. Important
grid quality criteria (minimal angles, aspect ratio, volume change) were kept within the
recommendations of (ANSYS Inc. 2017). Two URANS turbulence model were used: (a) a -
Reynolds stress model, and (b) the - -SST model with curvature correction (Smirnov and Menter
2009) and - transition model (Menter et al. 2006). The inclusion of a transition model for the SST
turbulence models is reasonable, since a laminar inflow is defined at the inlet and it is assumed that
a transition to turbulence will happen within the pump. A time step equivalent to an increment of 3°
impeller revolutions was used, which results in an RMS CFL number of 4. All URANS simulation
were performed for 15 impeller revolution and at least 6 revolutions were used for time-averaging.
Grid convergence was checked and was already presented in (Konnigk et al. 2018).

RESULTS AND DISCUSSION

Verification and validation of the simulation cases 1 & 2

At first, the DNS simulation of the turbulent channel flow was validated. Therefore, we compared
important flow variables with literature data from (Moser et al. 1999). Some validation results are
shown in figure 3. The velocity profile is properly reproduced by our DNS computation. Furthermore,
it is noticeable that the production and dissipation term of the turbulent kinetic energy (TKE) equation
(eq. 4) fits well with the literature data.

Afterwards, the LES of the axial turbo pump was verified and validated. For verification, we applied
an LES quality assessment method (LES-1Q), proposed by (Celik et al. 2005) and (Celik et al. 2009)
to the simulated flow field. The equations of this method are given in Eq. (5a-d). The LES-IQ
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compares the TKE, which is resolved by the simulation (), to an estimation of the total TKE
(), which should be theoretically computed by a fully resolving DNS.
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Figure 3: DNS validation for the turbulent channel flow. Left: velocity profile. Right: TKE
production rate and dissipation rate . Comparison between the performed DNS and
literature data from (Moser et al. 1999).

The rationale behind this method is that the difference between and comes from non-
resolved TKE due to the activity of the turbulence model as well as due to numerical diffusion

. The last two parameters are approximated by means of a Richardson extrapolation using
Eq. (5b). The constant  was determined with the help of a second LES simulation on a coarser grid
with 11 million grid elements. Therefore, we coarsened the fine grid (index: f) in all directions by a
factor of = 2.1 (recommendation of (Celik et al. 2008)) to get this coarser grid (index: g). The next

step was to apply Eq. (5¢) to the two flow fields to approximate . We used the recommendation
of (Celik et al. 2005; Celik et al. 2009) to define the parameter = 2. The LES-1Q should be 0.8 for
an LES, whilst a DNS shows values of - = 0.9 HCelik et al. 2005).
=05 ' (5a)
= + + = + A (5b)
—_ 1 B ’ 5
= 1 (——5) (5¢)
T TTv D

It can be seen in the top view in Fig. 4 that the LES computation on the fine grid is able to highly
resolve the TKE in the flow field of the turbo pump. The LES-IQ is near or above 0.95 in nearly all
places. This can be also proven, when volume-averaged values of the LES-IQ are calculated for the
pump components. The volume-averaged values are - =09 8 for the inlet guide vane,
- =09 4 8r the impeller domain and - =09 5 for the outlet guide vane. The
LES-IQ is smaller than 0.9 just in few places. But it can be seen in the bottom view in figure 4 that
these places are in regions with relatively low TKE. Hence, we can state that our LES computation
directly resolves the greatest part of the turbulent flow field.
Additionally, the LES was validated in terms of the pressure head in figure 5. It can be seen from
that figure that the simulated pressure head =70 fits well the measured pressure head
of =7 7(1+ 1.0) for the analyzed operation point.
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Figure 4: Verification results of the simulation of the axial turbo pump. Top: LES-IQ ina
cut-plane through the impeller and outlet guide vane. Bottom: resolved TKE in the same

cut-plane.
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Figure 5: Validation of the turbo pump simulation.

Computation of the dissipation rates — case 1: Turbulent channel flow

The results of the dissipation analysis in the turbulent channel flow are shown in figure 6. It can be
seen from both DNS data (own results and (Moser et al. 1999)), that the direct dissipation rate

has the highest values in the viscous sublayer and buffer layer of the boundary layer ( * < 2 (), were
the direct dissipation is high due to mean velocity gradients near the walls. Also the turbulent
dissipation rate  has its maximum in this region since turbulent vortices dissipate into heat in this
region (Pope 2000; Menter 2015). If one compares the results of the two DNS computations with
each other, a good agreement in both dissipation terms can be seen.



On the other side, the RANS computations indicate greater differences to the literature data of (Moser
et al. 1999). In the nearest wall boundary layer ( * < 2 ), the direct dissipation is significantly
underestimated compared to the DNS data. Also, the turbulent dissipation from the RANS turbulence
models show significant deviations compared to the resolved turbulent dissipation  of the
DNS in the viscous sub- and buffer layer. Here, both turbulence models overestimate the turbulent
dissipation at around * = 1 (and below. Especially, the RS model indicates a strong increase in

modeled turbulent dissipation near the walls, which is not in agreement with the literature
values. From a wall distance of * > 3 Qboth models show a course, which is congruent to DNS.
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Figure 6: Comparison of the the dissipation rates between the performed simulations and the
DNS from (Moser et al. 1999) in the turbulent channel. Left: DNS. Middle: - -SST model
(SST). Right: -Reynolds stress model ( RS).

Computation of the dissipation rates — case 2: Turbulent flow in an axial turbo pump

The volume-integrated dissipation rates of the performed LES and the URANS computations with
the two turbulence models are shown in table 1. Please note that the modeled dissipation rate of
the LES model is neglected in table 1, since its value is much smaller (= 10 times) as the resolved
turbulent dissipation  for the performed LES.

In general, it can be seen from all three simulations results that the direct dissipation rate in the
pump is the dominant dissipation term in the turbo pump and exceeds the turbulent dissipation by a
factor of five at least. The direct dissipation rate acts mainly at the walls of the pump, as can be
seen in the spatial progression of the dissipation rates in figure 7. Highest values of are present
near the rotor walls (I). Here, the high mean velocity gradients are due to the moving impeller, which
rotate with several thousands of revolutions per minute. Also, at the outlet guide vane’s leading edge
(1) and at the rotor hub (111), high regions of direct dissipation are noticeable.

Table 1: Comparison of the volume-integrated dissipation rates in the turbo pump between
LES and URANS.
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Figure 7: Direct dissipation (left) and
turbulent dissipation (right) between LES
( ) and URANS ( ). Additionally, the
ratio of  to the sumof ( + ) for the
LES computation is shown in the subfigure
at the bottom. Please note that dissipation
rates are plotted in a logarithmic scale.
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The comparison of between the different simulation methods using table 1 and figure 7 reveals
that both, the SST as well as the RS model underestimate the volume-integrated direct dissipation
rate by roughly 8 %o 1 O %ompared to the LES. Although the URANS computations also indicate
highest values for the direct dissipation in the nearest wall regions in figure 7, noticeable differences
to the LES results can be seen in the marked areas (I), (11), and (I11). Especially the area (111) at the
hub is different between LES and URANS. Here, a developing turbulent boundary layer is observable
in the LES flow (1V), which also influence the direct dissipation at the hub and cannot be properly
computed by URANS in our turbo pump simulation.
In the bottom subfigure in figure 7, the ratio of the resolved turbulent dissipation  to the sum of
and is displayed for the LES results. It is visible from this subfigure that the direct dissipation rate
is the dominant dissipation term near the rotor walls. Nonetheless, the resolved turbulent
dissipation is the prevalent dissipation term away from the walls, were arising secondary flows,
vortices and turbulent boundary layers lead to an increase in turbulent dissipation.
These secondary flows and processes, which leads to this increase in turbulent dissipation in the pump
can be identified in the resolved turbulent dissipation  of the LES computation (figure 7, top right).
These hot spots for turbulent dissipation are a leading edge vortex (V), a turbulent boundary layer at
the hub (1V), a developing turbulent boundary layer at the housing (V1), a high turbulent dissipation
region (VII), which evolves behind a flow separation at the outlet guide vane’s leading edge, and a
gap vortex (VIII), which propagates into the blade channel, interacts with further secondary flows
(e.g. the passage vortex) and contains high dissipation rates.
In contrast to the resolved turbulent dissipation  of the LES, the modeled dissipation from the
URANS simulations are significantly underestimated (4 5~ 5 0 Y%owhen the volume integrals of the
dissipation terms are compared (see table 1). This is also apparent in the flow visualizations in
figure 7, where the previously explained high turbulent dissipation regions due to secondary flow
structures, vortices, and turbulent boundary layers are only partially reproduced and displayed by the
URANS turbulence models.

General consideration of the turbulent flow in the turbo pump for cardiac support — case 2

In the previous section, it was shown that some appreciable differences in the computation of the
direct and turbulent dissipation rates exist between the LES and URANS computations. For this
reason, it is expected that differences also occur in the pump characteristics as well as in the mean
flow field.

This can be analysed with the help of figure 8, where the total pressure head A , the pump
efficiency  and the time-averaged velocity field in the relative frame of reference near the
impeller hub is shown in a blade-to-blade view at a span of / ( - ) = 0.0 5ltis visible
from the flow visualisations in that figure that the near-wall velocity profiles of the URANS differ
strongly, especially in the blade channel, compared to the LES reference solution. Since the direct
dissipation rate is built with the mean velocity field, the discrepancies in dissipation, e.g. in the
highlighted area (I11) in figure 7, can be explained by these differences in the mean flow field.
Despite the differences in the velocity and dissipation fields, the pump characteristics (A , )
indicate similar trends between the simulation methods (figure 8). The pressure heads are = 6 %
smaller for URANS as with LES. Also, the pump efficiencies = (A Y () between the
simulations are in a similar range with = 0.3 2 5 0.3 4.3\t first glance, the results regarding the
efficiencies appear surprising, since the flow fields between URANS and LES differ with respect to
dissipation, and hence, with respect to efficiency-decreasing flow losses. An explanation for this
might be found by means of equation 1 on page 2. Since the LES calculates higher dissipation rates,
the flow losses in the pump increase and, according to equation 1, also the torque
(LES: = 2.2 3 , URANS: = 2.2 2 ) in order to maintain the impeller rotation. Since
the LES computes also a higher pressure head, the efficiencies between LES and URANS have similar
values.
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Eventually, a discussion about the turbulent flow state in the turbo pump for cardiac support will be
= 3 1 6 is small compared to industrial

given, since the pump Reynolds number
turbo pumps. It is visible from table 1 on page 9 that the volume-integral of the direct dissipation

is five times greater than the turbulent dissipation

22 f

for our LES results. Hence, the direct dissipation

¥/
' ’*///
Figure 8: Top: simulated pump characteristics for the turbo pump. Bottom: time-averaged
velocity in the relative frame of reference in a blade-to-blade view near the impeller hub.

contributes to the gross of the energy losses in the pump flow field.
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Figure 9: TKE spectra at four different locations in the flow field of the turbo pump.

12



Nonetheless, it can be also seen from that table that the contribution of the turbulent dissipation is
still significant and needs to be considered, e.g. when a loss analysis is made for the pump. This is
especially important in the context that the turbulent dissipation is the dominant dissipation term away
from the walls in our pump (as can be seen in figure 7, bottom right). The turbulence (and also ) in
this flow region arises due to secondary flow structures like the gap vortex (VIII in figure 7) or the
leading edge vortex (V in figure 7) in the impeller domain, due to streak cycles in developing turbulent
boundary layers (IV, VI) or as a consequence of a flow separation (V11). The turbulent nature within
these regions can be seen in figure 9, where spectra of turbulent kinetic energy are displayed in
different regions of the impeller and outlet guide vane domain. These spectra show that the TKE is
distributed over abroad frequency range, which indicates that turbulent vortices of various spatial and
temporal scales are present in the flow and that turbulent transport and decay processes occur due to
the explained flow structures. Hence, it seems reasonable to proclaim that a turbulent flow state exists
within the pump.

Another comment must be made at this point as to why it is important to consider the turbulent
dissipation rates in a turbo pump for cardiac support. A turbo pump for cardiac support transports
blood, which is a suspension of plasma and blood cells. Those cells could be damaged by high
stresses. To account for this, equivalent stresses are numerically evaluated in the pump, which can be

directly linked to the turbulent dissipation rate by = v (Torner et al. 2018). In this context,

equivalent stresses, which correspond to a dissipation rate of = 2 2 % 3, could already lead to
damage of blood components (Fraser et al. 2012). As can be seen in the LES results in figure 7 on
page 10, this turbulent dissipation value is exceeded in a great part of the core flow region of the

pump.

SUMMARY AND CONCLUSION

In this study, the computed dissipation rates of a DNS/LES simulation were used as a validation basis
for two simulation cases: a turbulent channel flow and the turbulent flow in a turbo pump for cardiac
support. The LES/DNS data were compared to results of simulations with RANS turbulence models,
to answer the question, if the dissipation rates were properly computed by RANS/URANS in both
simulation cases.

First, the computed dissipation rates in a turbulent channel flow were analysed. Both, the - -SST
turbulence model (SST) as well as the -based Reynolds stress model ( RS) indicates smaller direct
dissipation rates as the DNS. Also, both models indicate significant deviations in computing the
turbulent dissipation rate by overestimating this quantity in the near-wall region ( * < 2 0.

In the second simulation case, the two simulation methods (URANS, LES) compute similar pump
characteristics in terms of pressure heads and efficiencies. Furthermore, both LES and URANS
indicate that the loss contribution from the direct dissipation exceeds the turbulent dissipation by
several times in the investigates pump. Nonetheless, the two URANS models compute lower direct
dissipation rates compared to the LES. Furthermore, a remarkable underestimation was found in the
calculation of volume-integrated, turbulent dissipation rates with URANS compared to the volume-
integrated, turbulent dissipation rates of the LES results.

Afterwards, the spatial progression of the dissipation rates in the turbo pump for cardiac support were
examined. Whilst the LES shows high turbulent dissipation rates in regions with resolved turbulent
flow structures, e.g. in the gap vortex or in the leading edge vortex region, the contribution from the
URANS models can just partly reproduce these high turbulent dissipation areas, which were
identified by LES.

In conclusion, the (U)RANS computations show for both simulation cases significant deviations to
the reference DNS respectively LES solution. in both cases, the direct dissipation is underestimated
with (U)RANS and the (modelled) turbulent dissipation indicates notable deviations to the LES/DNS
results. In our study, no RANS turbulence model was superior to the other.
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