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Insights Into the Cavitation 
Behavior of a Boundary Layer 
Pump
Several researchers in literature have claimed that boundary layer pumps have an increased 
resistance to cavitation because of the absence of blades. Their conclusion was obtained 
analytically by applying the simple assumption of uniform radial velocity at the entrance of 
all the channels. This study considers the effect of flow distribution between the channels and 
assesses the full 3D geometry of a boundary layer pump which was tested in an experimental 
campaign by Morris. The pump’s flow field is obtained with steady-state multiphase 3D- 
RANS simulations in which the inlet total pressure is gradually reduced. For each inlet total 
pressure point, the vapor formation is examined, and hence the cavitation mechanisms are 
analyzed, and the head drop curve is obtained. Results show that the mass flow distribution in 
the channels is highly nonuniform, which heavily affects vapor formation areas. There is a 
127% difference between the lowest and highest channel mass flow. Less mass flow is 
entering the channels closer to the entrance of the pump, because this requires the flow to 
turn almost 90 deg from the axial to the radial direction. The viscous forces accelerate less 
mass more easily, and this leads to up to 22% lower pressure values in the low flow channels. 
Therefore, vapor starts forming in these channels, and the further the net positive suction 
head (NPSH) reduces, it sequentially propagates to adjacent channels toward the back like a 
domino and expands its volume inside each gap. [DOI: 10.1115/1.4069454] 

1 Introduction

The Tesla pump is a configuration of a pump invented and 
patented by Nikola Tesla [1]. Its rotor comprises of a stack of 
parallel, flat, thin disks with small gaps between them. Each disk has 
a hole at the bore acting as the rotor’s inlet. The fluid enters the 
machine axially, then turns, and enters the small gaps between the 
disks. Inside each gap, the shear forces from the rotating disks act on 
the fluid, accelerating it tangentially, hence the alternative names 
boundary layer pump and shear force pump. Due to the rotation of 
the fluid, centrifugal force also pushes it radially toward the disk 
outlet. Thus, the fluid follows a spiral trajectory inside the rotor and 
is then collected from the volute and exits the machine.

Previous research about Tesla pumps is limited and focuses on the 
rotor’s modeling and performance using analytical and numerical 
techniques [2–4]. Many studies are solving axisymmetric 

Navier–Stokes equations in a single gap by implementing 
approximation functions for the velocity profiles of both Tesla 
pumps and turbines [5–7]. It is documented that these simple 
numerical models can sufficiently predict the rotor only perform
ance with minor effect from the implementation of the different 
recommended velocity profiles approximations. However, one- 
dimensional methods poorly predict the losses inside the volute and 
the interface between rotor and volute [8]. Full pump experimental 
studies are parametric and explorative and have only obtained 
relatively low efficiencies since there is no structured design 
methodology to be followed [9–12]. So far, Tesla pumps are used in 
a few applications where efficiency can be compromised in favor of 
other characteristics related to the absence of blades and their 
working principles. These are mainly in cement and oil & gas 
industry since they operate well with slurries and solid corrosive 
particles [13] and medicine for blood pumping with lower risk of 
hemolysis [14]. Despite the low efficiency, previous research has 
proposed that it might have a cavitation advantage due to its working 
principles. Centrifugal pumps tend to show an abrupt increase in 
local velocity and a corresponding decrease in pressure at the 
leading edge of the blade, which can result in vapor formation and 
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cavitation. However, Tesla pumps do not have blades, and the fluid 
is accelerated gradually by the viscous forces. Balje used analytical 
methods and empirical formulas to model the flow inside both a 
Tesla and a centrifugal pump and claimed that Tesla pumps can 
obtain about 10–20 times higher suction specific speeds than 
centrifugal pumps which implies a significant cavitation advantage 
[15]. He also suggested that the use of such a pump for aerospace fuel 
systems could be beneficial because the inducer part can be omitted 
to reduce weight. This advantage becomes even more relevant with 
the use of novel fuels like liquid hydrogen which is prone to phase 
change because of its storage conditions. Additional applications 
could be gas turbine thermal management systems where temper
atures closer to the boiling point can be tolerated; hence, a lighter and 
more compact subcooler is required. However, this study draws its 
conclusions by assuming equally distributed mass flow between all 
channels, purely radial rotor entrance velocity, and same pressure 
field inside all channels. It calculates the required net positive head 
assuming that the rotor entrance is the lowest pressure region of the 
machine.

Few studies have addressed cavitation in Tesla pumps. One of the 
parametric experimental studies on water attempted a second case 
with reduced inlet pressure and noticed no change in the pump’s 
performance. However, the lower inlet pressure tested was around 
seven times higher than the water vaporization pressure at the test 
temperature, no results were documented, and no head drop curve 
was obtained [10]. Another experimental study investigated 
vibration induced cavitation by operating a water Tesla pump under 
vibrations with frequencies up to 2000 Hz but no inlet pressure 
decrease. The vibrations did not significantly affect the performance 
[12]. The few examples of a full Tesla pump computational fluid 
dynamics (CFD) model that exist in literature are single phase and 
focus on capturing the flow field and the loss mechanisms [16]. 
Overall, there is a lack of studies on Tesla pump head drop curve, its 
cavitation mechanisms, and its two-phase flow field while 
cavitating.

The present study investigates cavitation performance in a Tesla 
pump using CFD techniques to obtain the flow field and locate the 
vapor formation areas. The geometry used is the one of a parametric 
study conducted by Morris which indicated one of the highest 
experimental efficiencies in literature, around 40% [10]. The results 
are used to gain an explanation of the Tesla pump cavitation 
mechanisms. Additionally, by gradually dropping the inlet pressure 
in the simulation boundary conditions and reviewing the results, the 
head drop curve is acquired.

2 Materials and Methods

The present study assesses the full Tesla pump geometry from 
Morris’ experimental campaign with 3D-RANS steady-state CFD 
using ANSYS CFX software. The experimental Tesla pump geometry 
has the same arrangement as most of the existing Tesla pumps in 
literature. The disks have aligned holes from which rods pass 
through. Between two consequent disks and through the rod, there 
are thin spacer rings that maintain the interdisk gap. The rods are all 
connected to two thicker plates at either side of the stack of disks, 
and this comprises the whole rotor assembly. In Morris’ study, there 
are 17 rods to maintain robustness, and the rotor assembly is inserted 
into a housing with the volute geometry.

The main dimensions of the geometry of interest are summarized 
in Table 1. The current study omits the secondary flow path between 
the rotor and the housing and the rods and spacers geometries. Thus, 
the interdisk gaps are purely cylindrical. The pump is modeled in 
three domains. The first domain is the inner, which is of cylindrical 
shape and lies inside the bore of the disks. The second domain is the 
rotor which consists of all the interdisk gaps. The third domain is the 
volute. A pipe-like extension is added to the pump inlet so that the 
boundary conditions do not affect the flow field near the first disks. 
This ensures that the flow is fully developed before turning and 
entering the channels.

The pipe, inner, and rotor domains are discretized with hexahedral 
mesh, and the volute is discretized with tetrahedral mesh. The 

current study uses the same average element size for each domain as 
a previous numerical study by Palaveev et al. [16], which assessed 
the same geometry with single phase water, conducted a grid 
sensitivity study, and validated the results with the experimental 
ones from Morris [10]. However, a refinement is imposed at the 
inner–rotor domain interface to obtain matching sizes, smaller 
expansion factors, and stability for the two-phase flow. The gap axial 
divisions are reduced from 10 to 3 to obtain lower aspect ratio 
elements at the inner–rotor interface for a smaller computational 
size. This is important since the rotor comprises of 170 channels. 
After these modifications, the elements at this interface have an 
aspect ratio below 3 and then expand inside the adjacent domains 
with a rate of 1.2. Additionally, the maximum expansion factor in the 
inner domain has the value of 6, and the simulation is stable. The 
total number of elements is 51.1� 106, and the number of nodes is 
28.9� 106. The modified mesh used in the current study is compared 
with the one from the validated Palaveev’s study by plotting the 
characteristic curve of the pump in Fig. 1. The new mesh leads to a 
head rise which is in very good agreement with the previous results 
with a root mean squared error of 5%. The mesh is shown in Fig. 2.

The results are also compared with the experimental ones in 
Fig. 1, and the matching is sufficient considering that the 
experimental geometry includes 17 rods interfering with the rotor 
flow and a secondary flowpath for which no information was given 
in Morris’ study. The slopes of the curves which reflect the pumping 
mechanism are nearly identical.

The fluid is a homogenous mixture of two phases of water, liquid, 
and vapor. Hence, there is no dispersed vapor phase, and the pressure 
and velocity fields are common for both phases. The liquid phase is 
incompressible with constant properties taken from REFPROP [17], 
while the vapor phase is modeled with real gas table data from IAPWS. 
The turbulence model is shear stress transport for both phases, and 
the area averaged yþ value at the rotor walls is 28 which is 
acceptable since wall functions are automatically employed by 

Table 1 Geometric characteristics of the Tesla pump 

Parameter Symbol Value Unit

Rotor inlet diameter Din 25.4 (mm)
Rotor outlet diameter Dout 150.8 (mm)
Interdisk gap d 0.152 (mm)
Disk thickness t 0.127 (mm)
Volute base circle diameter Dvol 155.8 (mm)
Volute width b 47.303 (mm)

Number of channels ch 170

Fig. 1 Characteristic curves as obtained by Palaveev’s numer
ical study, current study, and Morris’ experimental study
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CFX [18]. That justifies the matching of the characteristic curves for 
10 and 3 gap axial divisions. The heat transfer model is set to 
isothermal at a constant temperature of 325 K, which is equal to the 
experimental one in Morris’ test rig. In a two-phase simulation, 
isothermal modeling ensures that there is no temperature difference 
and heat transfer between the two phases. This is sufficient for a 
homogenous mixture model that mainly focuses on investigating the 
areas where vapor starts forming and how it propagates.

In the current isothermal model, phase change occurs when 
somewhere in the domain, the pressure drops below the saturation 
pressure, which is constant and for 325 K, equal to 13.5 kPa. The 
bubble growth and hence the vapor volume fraction are calculated 
by the simplified Rayleigh–Plesset model [19,20]. This is expressed 
in Eq. (1), where R is the radius of the bubble, pb is the pressure 
inside the bubble, pl is the pressure of the surrounding liquid, and q is 
the constant density of the liquid [21] 

dR

dt
¼

2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pb − pl

q

r

(1) 

There are some investigations in literature regarding the heat 
transfer between the two phases. Vapor absorbs latent heat from the 
liquid phase to form. This leads to a local temperature drop at the 
surrounding liquid phase. Therefore, the local saturation pressure 
drops as well, and this effect inhibits cavitation. Similarly, the 
collapsing bubbles release the latent heat back and heat up the 
surrounding liquid. Certain researchers like Zwart, Gerber, and 
Belamri have modified the Rayleigh–Plesset model by adding 
coefficients to consider the evaporation and condensation effect. 
These coefficients are empirical, and there is high research interest 
about their values, which can be further corrected [22]. Previous 
studies have compared their numerical results with experimental 
data. Zwart, Gerber, and Belamri model was found to predict the 
vapor formation areas and the required net positive suction head 
(NPSH) very well, but overpredicted the local vapor volume fraction 
and underestimated the head [23]. Another study does not use 
coefficients and models the heat transfer between the two phases. It 
was found that the maximum temperature difference in the domain is 
below 1 K [24]. This is considered negligible for the purpose of the 
current work, and hence the chosen model is the isothermal 
simplified Rayleigh–Plesset.

At the inlet, the boundary condition of total pressure is imposed 
and at the outlet the mass flow. There is pure liquid at the inlet, and 
vapor is let to be generated inside the domain if the pressure drops 

below the saturation pressure. There is no frame change model at the 
rotor–stator interfaces since there is no rotating domain. Instead, all 
the disk walls are rotating. The walls of the front and back side plates 
are also rotating, which corresponds to the real assembly conditions. 
The values of the boundary conditions agree with the conditions of 
the experimental study from which the geometry was taken. In the 
experimental study, the inlet total pressure is constant at 446 kPa. In 
the present study, additional simulations are run with gradually 
reducing inlet total pressure. The full boundary conditions are 
shown in Table 2. For convergence evaluation, the residuals, the 
total pressure rise, the shaft torque, the hydraulic efficiency and the 
domain’s minimum static pressure are monitored.

In the present study, the pump’s head is defined by the following 
equation, as the difference of the total pressure at the outlet Ptot,out

and the inlet Ptot,in of the pump divided by the product of liquid 
density q and gravity acceleration g

H ¼
Ptot,out − Ptot,in

qg
(2) 

The NPSH is defined as the difference of the inlet total pressure 
and the saturation pressure Psat divided by the product of density and 
gravity acceleration 

NPSH ¼
Ptot,in − Psat

qg
(3) 

The total volume of vapor present in the rotor domain is calculated 
as the volume integral of the vapor volume fraction fv as given 
below: 

Fig. 2 Mesh details. Side view of the inlet and the volute tongue. Front view of inner–rotor 
interface.

Table 2 Simulation setup values 

Parameter Symbol Value Unit

Inlet total pressure Ptot,in 446, 200, 100, 90, 80, 70, 60 (kPa)
Temperature T 325 (K)
Rotational speed x 6000 (rpm)

Mass flow m 5 (kg/s)
Saturation pressure Psat 13,531 (Pa)
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Vvap ¼

ððð

�fv dV (4) 

The percentage of rotor’s volume occupied by vapor is calculated 
as below, where Vrot is the total rotor’s volume, the 170 interdisk 
gaps: 

Vvap% ¼
Vvap

Vrot

� 100 (5) 

The mass of vapor present in the fluid domain is calculated as the 
volume integral of the product of vapor density qvap and vapor 
volume fraction as given below: 

mvap ¼

ððð

�qvapfv dV (6) 

The total mass of fluid present inside the rotor is calculated as the 
sum of vapor and liquid mass as given below, where fl is the liquid 
volume fraction: 

mrot ¼

ððð

�qvapfv þ qfl dV (7) 

Hence, the vapor mass percentage inside the rotor is 

mvap% ¼
mvap

mrot

� 100 (8) 

3 Results and Discussion

3.1 Vapor Formation and Propagation. In this section, the 
CFD results are postprocessed and examined. The vapor formation 
is visualized for the decreasing inlet pressure. For the initial case of 
inlet pressure of 446 kPa, there is no vapor present in the rotor. 
However, some vapor is visible at the volute tongue. This vapor 
occupies only 0.000116% of the volute volume. The experimental 
study from which the geometry is taken, parametrically examined 
different rotor configurations with the same volute. Therefore, the 
vapor at the volute tongue could be attributed to the fact that the 
volute might not be optimized for the rotor flow. It is also noted that 
no sufficient information was given in literature about the volute 
cross-sectional areas and its tongue fillet radius. It can be concluded 
that this vapor generation at the tongue is not related to the Tesla 
pump working principles and specific cavitation mechanisms but to 
the unmatched volute. For a decreased inlet total pressure of 
200 kPa, there is still no vapor formation inside the rotor. There is 
vapor at the volute tongue which occupies 0.00066% of the total 
volute volume (Fig. 3).

Vapor generation around the volute tongue will be omitted in the 
following discussion. The vapor volume percentage will be 
calculated based on the rotor’s volume only, as this is considered 
more relevant for examining the vapor propagation mechanisms.

Figure 4 illustrates the vapor volume fraction in the meridional 
plane and the vapor 3D shape with volume renderings. The cases 
shown are the ones where vapor is present inside the rotor.

Decrease of the total inlet pressure to 100 kPa leads to the first 
vapor formation at the rotor entrance, in the first channels closer to 
the machine inlet as seen in Figs. 4(a) and 4(b). The rotor vapor 
volume percentage is 0.012%. The 3D shape of the space that is 
occupied by vapor is not axisymmetrical and follows the direction of 
the rotation.

In Figs. 4(c) and 4(d) for inlet total pressure of 90 kPa, the vapor 
propagates to more channels toward the back. The shape of the vapor 
has also expanded in the azimuthal direction following the 
tangential acceleration of the flow by the viscous forces. The rotor 
vapor volume percentage is 0.034%.

Further decrease of the inlet total pressure to 80 kPa in (e) and (f), 
70 kPa in (g) and (h), and 60 kPa in (i) and (j) shows the consistency 
of the cavitation mechanism. Vapor develops in more channels 
toward the back and expands in the azimuthal coordinate following 

Fig. 3 Detailed view of the vapor volume fraction contour at the 
volute tongue for Ptot,in 5 200 kPa

Fig. 4 Vapor volume fraction meridional contours and volume renderings for decreasing 
NPSH
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the direction of rotation. For inlet total pressure of 80 kPa, the rotor 
vapor volume percentage is 0.19%. In the case of 70 kPa, vapor 
forms a full ring and completely blocks the first channels, leading to 
an increased rotor vapor percentage of 10%. For the inlet pressure of 
60 kPa, vapor occupies most of the channels and blocks almost half 
of them closer to the pumps entrance. In that case, 21% of the rotor 
volume is occupied by vapor. In all cases, vapor changes its phase 
back into liquid after a certain radius due to pressurization. This 
radius is increasing with decreasing inlet pressure.

The NPSH head drop curve of the Tesla pump is indicated in 
Fig. 5.

3.2 Examination of the Fully Liquid Flow Field. To justify 
the cavitation mechanisms, the case of 446 kPa inlet pressure is 
further examined. This case is chosen because there is no vapor 
generated inside the rotor and the flow field is not affected by it. At a 
fully liquid field, the tendency of the system to form vapor can be 
assessed. Since the pump rotor consists of 170 channels in total, for 
indexing purposes, the channels are numbered sequentially from 1 
close to the axial pump inlet to 170 next to the backwall.

As the first vapor forms and propagates for inlet pressure of 
100 kPa and below, it can be seen by the volume renderings that its 
shape is not axisymmetric. The analysis of the velocity field of the 
pure liquid case of 446 kPa explains this behavior. In Fig. 6(a), the 
streamlines show that the volute affects the rotor flow. The part close 
to the volute tongue particularly pushes the flow back to the rotor 
causing a velocity field asymmetry and therefore vapor asymmetry 
when the inlet pressure drops. This happens because the volute is 
unmatched with the rotor flow as the geometry was taken by an 
explorative parametric experimental study and is not optimized. 
This is expected since it is known for centrifugal pumps as well that 
off-design conditions cause asymmetrical cavitation behavior [25].

In Fig. 7(a), the static pressure at the inlet of every channel is 
plotted against the channel index. It is illustrated that the pressure 
increases as we move through the channels from the inlet and further 

into the machine. This explains the tendency of the vapor to first 
appear at the channels closer to the entrance and then sequentially 
propagate toward the back. To further examine this observation, the 
mass flow that passes through each channel is plotted in Fig. 7(b). 
The entrance pressure and mass flow distributions exhibit significant 
nonuniformity, which contrasts with the assumptions commonly 
made in literature. The difference between minimum and maximum 
values reaches up to 16% for channel entrance pressures and 127% 
for channel mass flows. The general trend is that the mass flow 
increases from the 1st channel until the 152nd channel, then starts 
dropping until the 169th channel, and shows a small increase at the 
last channel. This behavior can be examined together with the flow 
field at the inner domain. The streamlines at the inner domain are 
shown in Fig. 8. The flow enters the machine axially and needs to 
turn almost 90 deg to enter the first channels; therefore, most of it 
moves further inside the machine and enters channels with higher 
index so that the turning of the flow into the radial direction is 
smoother. Hence, we have an increasing mass flow up to the 152nd 
channel where the highest mass flow is observed. After the 152nd 
channel, the effect of the backwall is prominent. The streamlines at 
the area inside the left highlighted rectangle justify why the 152nd 
channel has the highest mass flow since the flow hits the back wall 
and turns backwards. For the same reason, the mass flow starts 
reducing after that channel. There is a small peak at the last channel 
only. This is the minor effect of the back wall that forces the 
remaining amount of flow to turn 90 deg and enter the last channel. A 
detail view of Fig. 8 shows the velocity vector at the entrance of the 
last channels. The entrance velocity is not radial. Instead, it enters 
the channels at an angle. This angle approaches 90 deg the more we 
move to channels toward the back because of the backwall effect. 
This angled entrance causes nonuniform mass distribution and 
recirculation at the right corner of the entrance of each channel. The 
pressure is lower at the recirculation areas, and for this reason, when 
the inlet pressure further drops, the right half of each channel 
exhibits higher vapor volume fractions than the left half.

The observations about the effect of the backwall could initiate 
future research about the shape of the back plate which could be 
particularly designed to better accommodate the flow and turn it 
toward the entrance of the channels. A possible future back plate 
design could have a conical feature extending toward the inner 
domain instead of being flat.

Another important observation is that the mass flow does not 
consistently increase with the channel index. There are some mild 
drops observed around channels no. 50, 100, and 130. This happens 
because of flow recirculation. The right highlighted rectangle in Fig. 
8 shows one of these areas where most of the flow recirculates 
instead of entering the channels. Redesign of the inner domain could 
resolve this issue and ensure a more uniform mass distribution.

The differential mass flow that enters each channel causes 
differences in the velocity field. In Fig. 6(b), the streamlines in the 
152nd channel are illustrated. This is the channel from which most 
mass flow passes through. An interesting comparison can be made 
with the streamlines of the 1st channel in Fig. 6(a), the one with the 
lowest flowrate. The mass flow that passes through 152nd channel is 
þ127% higher than the 1st channels flow. A 127% increase of mass 
flow from the 1st to the 152nd channel causes a 22% increase in 

Fig. 5 Tesla pump head drop curve 

Fig. 6 Streamlines in the middle of the (a) 1st channel and (b) 
152nd channel

Fig. 7 (a) Distribution of channel entrance pressure and 

(b) distribution of mass flow passing through each channel for 
Ptot,in 5 446 kPa
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entrance pressure between the same channels. In the case of lower 
mass flow, the trajectory starts turning in lower rotor radius, while 
for increased mass flow the flow enters radially and remains radial 
for higher radius compared to the first channel. The initial radial 
velocity of the 152nd channel is higher because of the higher mass 
flow, and the viscous forces turn it less. Thus, there is less coiling of 
the streamlines and lower velocities at the outlet of the disks. 
However, in the 1st channel, the streamlines appear denser toward 
the rotor outlet where the velocities are higher. Apart from that, in 
the streamlines of the 152nd channel, there are some areas where the 
entrance velocity is not completely radial since it is affected by the 
flow recirculation inside the inner domain.

Despite the possible intuitive assumption that lower mass flow in 
the first channels would lead to lower entrance speed and higher 
entrance pressures, the pressure is lower, and vapor starts forming in 
these channels. Hence, further investigation of the pressure and 
velocity fields in different channels is needed. The channels that are 
chosen to be analyzed are the 1st and the 10th as representatives of 
the entrance area where the first vapor forms. The 85th channel is 
also chosen as the middle channel out of the 170 in the pump, and the 
152nd channel as the one with the highest mass flow and as 
representative of the phenomena occurring toward the back of the 
machine. Samples are taken radially in the middle of the gap inside 
the 1st, 10th, 85th, and 152nd channel from the rotor entrance and 
halfway through the rotor as seen in Fig. 9. In that way, the pressure 
and velocity profiles as a function of the rotor radius can be acquired. 
The lines extend toward the negative direction of Y-axis because this 
is the area where the vapor starts forming with further inlet pressure 
decrease.

For further insight, the velocity and its radial and tangential 
components in the middle of the interdisk gap are also plotted in 
Fig. 10. In the velocity chart, there is a noticeable change in the 

behavior of the curves at the point with approximately 20 mm radius 
which is approximately 12% of the rotor’s radial span. For radii 
below that, the velocity is higher for channels closer to the back wall, 
while for radii above that, this trend inverses and the velocities are 

Fig. 8 Streamlines inside the inner domain, at the meridional plane, starting from 
pump’s inlet

Fig. 9 Lines for sampling pressures and velocities in 1st, 10th, 
85th, and 152nd channels
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higher for the channels closer to the entrance. These trends can be 
justified by the examination of the radial and tangential velocities. In 
the radial velocity chart, the curves corresponding to gaps with 
higher mass flow, hence higher index number, indicate higher radial 
velocities. There is a continuous drop in the radial velocity values 
because of the increasing cross-sectional area that the flow meets as 
it moves to higher radii inside the rotor. Thus, since the reduction 
mechanism is the same for all, the radial velocity curves do not 
intersect each other. The trend of all the curves is reciprocal, as 
described by the Eq. (10), where mch is the mass flow passing 
through a channel, Ach is the cross-sectional area of one channel, and 
vr,ch is the mean radial velocity inside a channel. 

mch ¼ qAch vr,ch (9) 

vr,ch ¼
mch

2pqd

1

r
(10) 

Plots illustrate the maximum radial velocity inside each channel, 
because the values are taken in the middle of the channel. However, 
the maximum and mean velocities follow the same trends because 
the velocity profiles are peaked at the center. This has been 
confirmed in literature experimentally with particle tracking 
velocimetry [6]. The same study suggests that a fourth degree 
polynomial sufficiently describes the shape of velocity profiles.

The tangential velocities on the graph show a linear increase with 
increasing radius. This is because the velocity of the rotating disk 
wall also increases linearly with the radius as described by Eq. (11). 
The middle of the gap develops tangential velocity because of the 
viscous forces. The value of this velocity is lower than the disk one 
but follows the same trend. The channels closer to the entrance 
indicate higher tangential velocities because less mass flow is 
accelerated more by the viscous forces 

vtan,disk ¼ xr (11) 

The pressure profiles are plotted against the radius of the rotor 
using the sampling lines to provide a better understanding of the 
mechanisms of pressure increase within different rotor channels. In 
Fig. 11, the pressure is illustrated. The entrance pressure is higher the 
further inside we move into the machine. This observation agrees 
with the fact that vapor starts forming in the channels closer to the 
entrance. All pressure curves show lower pressure right at the 
channel entrance because of the angled flow entrance and thus 
the recirculation occurring at the left corner of each disk. This effect 
is less prominent the more the channel index increases because the 
flow enters at an angle closer to the radial direction. The pressure 
quickly increases and catches up with the rest of the curve because of 
the decrease of the radial velocity due to the rotor cross section area 
increase. After that, the pressure slightly reduces, and this trend 
appears in the curves as an almost flat part due to the small 
differences. For example, in the 1st channel, there is a 0.11% 
pressure decrease between radius 13.55 mm and 15.26 mm. This is 

attributed to the fact that at a certain radius, as can be noticed by the 
streamlines as well, flow starts turning by the viscous forces causing 
a suction effect at the radii below it. At radii above this area, the 
viscous forces take over, and the pressurization due to tangential 
acceleration and thus centrifugal forces become more evident. 
Therefore, the gradient of the curve changes and the pressure 
increases.

The area averaged shear stress–strain rate at the walls of each 
channel is plotted in Fig. 12 as an indicative of the viscous forces. 
Previous studies have numerically solved Navier–Stokes equations 
in axisymmetric cylindrical coordinates and have found that the 
velocity profile inside the gap and thus its gradient and the viscous 
force are affected by a parameter,dependent on the gap size, the 
kinematic viscosity, and the rotational speed [2]. This parameter is 
named BP from the researchers’ initials and is shown in Eq. (12). 

Fig. 10 (a) Velocity, (b) radial velocity, and (c) tangential velocity in the middle of the 1st, 10th, 85th, and 152nd channels against the 
radius

Fig. 11 Pressure profile against rotor radius at four different 
channels for Ptot,in 5 446 kPa

Fig. 12 Area averaged shear strain at the rotor disks surfaces of 
each channel
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The values comprising this parameter are equal for each channel, so 
it is expected that the shear strain rate remains at a constant range. 
The fluctuations illustrated in Fig. 12 can be attributed to the 
recirculation that occurs inside the inner domain and lead to nonfully 
radial entrance velocities. This differs from the radial velocity 
assumption of the numerical solution that obtains the BP parameter. 
Consequently, since the viscous forces at the walls of each channel 
are independent of other flow phenomena and remain practically 
constant, the mass flow entering each channel emerges as the most 
important parameter for cavitation performance. The same values of 
viscous forces can accelerate lower mass flow to higher speeds 

BP ¼
d

2

ffiffiffiffi
x

�

r

(12) 

As a conclusion, the behavior of the velocities inside the rotor can 
be attributed to the effects of radial and tangential velocities. Near 
the entrance of the rotor, the radial velocity component is more 
significant; hence, its decreasing trend is reflected in the total 
velocity as well. For higher radii, the flow is accelerated by the 
viscous forces, and the tangential component becomes more 
prominent, imposing an increase in the velocity. This results in a 
global minimum in each velocity curve. This global minimum is 
closer to the rotor entrance for the channels with less mass flow since 
in these the flow starts turning earlier. After that global minimum, 
there is an area susceptible to vapor formation where the velocity is 
high but there is not enough pressurization yet. This area is not the 
inlet of the channel but further inside the rotor where the tangential 
acceleration starts being significant. In the case of 100 kPa inlet 
pressure the first vapor starts forming, and the volume fraction is 
visibly higher at a radius of approximately 20 mm rather than at the 
inlet. The lobe shape of the vapor shows that it follows the rotational 
speed since it is mostly generated by the tangential acceleration. The 
above suggests that it is not only the radial entrance velocity to be 
examined, as has been done in literature, but all the components as 
the velocity increases inside the gap.

3.3 Examination of the Vapor Propagation. This section 
examines how the vapor propagates after its first formation. For this 
purpose, it assesses the cases of inlet total pressure of 100 kPa and 
below and when necessary, compares them with the initial fully 
liquid 446 kPa case.

Figure 13(a) shows the percentage of vapor occupying the rotors’ 
volume plotted against the inlet total pressure. The volume curve 
represents how the vapor expands due to the drop of surrounding 
pressure according to real gas properties. This expansion blocks 
higher percentage of the rotor leading to a steeper head drop. For 
better connection with vapor generation mechanisms, the mass of 
vapor inside the rotor is plotted for different inlet pressures in 
Fig. 13(b). A similar nonlinear effect is observed as the gradient of 
the curve, hence vapor generation rate, increases with reducing inlet 
pressure.

As the inlet total pressure decreases, vapor propagates in more 
channels toward the back. The vapor contours shown in Fig. 4 imply 
that the vapor appears sequentially to adjacent channels like a 
“domino effect” because the flow still avoids the abrupt turning from 

the axial to the radial direction. As the first channels get blocked 
from vapor, the same mass flow should be distributed in fewer 
channels. The mass flow that passes through each channel is 
indicative of the entrance radial velocity. In Fig. 14(a), the mass flow 
distribution in the channels is plotted for the different inlet total 
pressures. Until the inlet total pressure of 70 kPa, the mass flows 
show small drops at the lower index channels because of the high 
vapor fractions. At the lowest total inlet pressure of 60 kPa, the 
differences are more significant because of the nonlinear vapor 
propagation. In that case, approximately 40% of the channels 
contain an average of 33% vapor volume which practically means 
channel blockage. This area is represented in the graph as a flat line 
of low mass flow for the first 70 channels. In the channels of higher 
index, the mass flow increases to compensate for the blocked region 
so that the pump delivers the same mass flow.

In Fig. 14(b), the pressure at the entrance of each channel is 
plotted for the different total inlet pressures. The trend of increasing 
pressure as we move to channels toward the back is still valid for all 
the curves regardless of the presence of vapor. For perspective, the 
black dashed horizontal line indicates the saturation pressure of 
water at 325 K. For the extreme case of 60 kPa total inlet pressure, 
approximately the first 70 channels have pressure below the 
saturation one. This is illustrated in the vapor volume fraction 
contour in Fig. 4(i) where the first 70 channels contain high fractions 
of vapor in their entrance. In the remaining channels, the higher 
fraction of vapor is formed further inside the rotor and not at the inlet 
because of the phenomenon of the tangential acceleration of the flow 
which was discussed in Sec. 3.2. As we move toward the channels at 
the back, the flow remains liquid up to higher radii and then changes 
phase. This is because the mass flow and hence the radial entrance 
velocity increase, and the flow starts accelerating by the viscous 
forces tangentially at higher radii. This is illustrated in Fig. 15 where 
the streamlines of the 160th channel are plotted. This channel is 

Fig. 13 (a) Rotor vapor volume percentage and (b) rotor vapor 
mass percentage for each inlet total pressure

Fig. 14 (a) Mass flow distribution and (b) channel entrance 
pressure distribution for different inlet total pressures

Fig. 15 (a) Streamlines in the middle of 160th channel and 

(b) streamlines in the meridional plane plotted along with the 
meridional contour of vapor volume fraction for Ptot,in 5 60 kPa
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chosen because it has no vapor to affect the liquid velocity field. The 
meridional vapor volume fraction is plotted alongside. The stream
lines start turning and coiling at a radius where the vapor fraction in 
the adjacent channels toward the inlet of the machine is high. It can 
be concluded that, interestingly, the vapor appears first at higher 
radii inside the interdisk gap and then propagates toward the gap 
entrance. This is further confirmed by the observation of the vapor 
volume fractions of all the cases. Higher values always appear at 
higher radii rather than the inlet.

It becomes evident that it is not the channel entrance velocity that 
matters the most, but the tangential velocity and how this accelerates 
inside the rotor depending on the mass flow of each channel. When 
some of the first channels are blocked, all the flow needs to pass 
through lesser number of channels. However, as it has been 
discussed in Sec. 3.2., the viscous forces remain practically constant 
for each channel because they depend on the gap size, rotational 
speed, and fluid viscosity. This means that less channels can offer 
less viscous work to the same amount of mass and therefore cannot 
raise the pressure of the fluid as much. This is the mechanism that 
causes the head to drop as the vapor propagates to more channels.

3.4 Entropy Generation Rate Investigation. In this section, 
an analysis of the entropy generation rate is conducted. The highest 
entropy generation areas will be compared with the areas where 
vapor formation is expected. This can provide a connection of loss 
mechanisms and cavitation mechanisms.

The entropy generation rate represents the losses in a flow and can 
be decomposed in four components, according to the mechanism 
that produces them [26]. The first two components are the direct 
entropy generation rate _SD due to the velocity gradients and the 
indirect entropy generation rate _SI produced because of turbulence 
dissipation, which is the conversion of kinetic energy to thermal 
energy because of the viscous forces in a turbulent flow. The other 
two components are the heat conduction entropy generation rate due 
to mean temperature gradients _S

@T
and the heat conduction entropy 

generation rate due to fluctuating temperature gradients _S@T0 .
The strain rate tensor is expressed in Eq. (13), where u, v, and w are 

the velocity components in axes x, y, and z, respectively. Axis z is the 
rotation axis of the machine 
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The direct entropy generation rate is calculated by the strain rate 
tensor as expressed in Eq. (14), where l is the dynamic viscosity and 
T is the temperature 

_SD ¼
l

T
Ŝj j

2
(14) 

The indirect entropy generation rate is calculated by Eq. (15), 
where q is the density and e is the turbulence dissipation rate 

_SI ¼
qe

T
(15) 

The heat conduction entropy generation rates are calculated by 
Eqs. (16) and (17), where k is the molecular thermal conductivity 
and kt is the turbulent thermal conductivity 
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The total entropy generation rate is calculated by all its 
components as described in Eq. (18). However, in this study, since 
the simulations are isothermal, there is no turbulence dissipation 
effect and temperature gradients are equal to zero. Thus, the total 
entropy generation rate for an isothermal case is simplified into 
Eq. (19), which will be used in the following analysis: 

_S ¼
T

q
_SD þ _SI þ _S

@T
þ _S@T0

� �

(18) 

_Siso ¼
T

q
_SD (19) 

The contour of isothermal entropy generation rate in the middle of 
the pump (85th channel) for the fully liquid case of 446 kPa is 
illustrated in Fig. 16(a). For better visualization, the color-scale is 
logarithmic because of the wide range of the values. The volute is the 
region with the highest entropy rates. The area averaged entropy 
generation rate at the middle plane of the volute domain is 6.2 m2/s3, 
while at the rotor it is 2.5 m2/s3. This is attributed to the volute design 
which is not optimized for the specific operating point and causes 
losses. This effect concerns the volute design and is not inherently 
connected with the Tesla pump configuration, its working 
principles, and its cavitation mechanisms. High entropy areas are 
the rotor–volute interface, the volute tongue, and the inner–rotor 
interface. At the entrance of the rotor, there is a ring of high entropy 
generation with nonaxisymmetric shape that expands more toward 
the opposite direction of the volute tongue because of the unmatched 
volute geometry. Additionally, there is a high losses area close to the 
outlet of the rotor affected by the volute. This area can also be 
noticed in the streamlines of Fig. 6. In Fig. 16(b), the same contour is 
illustrated for the 1st channel, the closest to the pump’s entrance. 
The behavior is similar, but the values of entropy generation rate are 
higher and the volute effect inside the rotor’s flow is more prominent 
because of the lower mass flow passing through this gap. The area 
close to the rotor’s inlet where losses are noticed coincides with the 
area where vapor is expected to occur with inlet pressure decrease.

The isothermal entropy generation rate eliminates terms that 
produce heat because of fluid viscosity, turbulence, and temperature 
gradients. However, the conclusions regarding the areas with the 
highest losses align with the findings of previous studies on entropy 
generation in the same geometry which included heat transfer 
effects [16]. Therefore, the isothermal entropy generation is 
sufficient to draw qualitative conclusions and make connections 
with cavitation mechanisms. Moreover, cavitation is mostly related 
to velocity gradients which comprise the strain tensor from which 
the isothermal entropy generation rate is calculated. The velocity 
field gradients include acceleration due to flow area decrease or 
sharp edges and shearing between two neighboring flows [21].

In Fig. 17(a), the area averaged entropy generation rate at the 
entrance of every channel is plotted against the channels index to 
show its distribution. After the 15th channel approximately, there is 
continuous drop in the entropy generation rate. This is because the 
turning of the flow from the axial to the radial direction and into the 
channels entrance is smoother and less losses are produced. 
However, in the first 15 channels, there is also the effect of dump 

Fig. 16 Isothermal entropy generation contour for Ptot,in 5 446 kPa 
in the (a) 85th channel and (b) 1st channel
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losses at the entrance which are higher for higher mass flows leading 
to an increasing entropy generation rate until the 15th channel. By 
the mass flow distribution in the channels, the gradient at the first 15 
channels is steeper, so this effect is more prominent (Fig. 7(b)).

For the examination of the entropy generation rate inside the 
rotor, certain sampling lines are used. These lines are the same as in 
Sec. 3.2 and illustrated in Fig. 9 but have reduced range for better 
visualization of the steep changes close to the inlet. The lines are in 
the middle of the 1st, 10th, 85th, and 152nd channels. They start 
from the rotor’s entrance and expand to a radius of 20 mm. The 1st 
and 10th channels are chosen as representatives of the entrance 
section of the machine, the 85th is in the middle, and the 152nd is the 
one with the highest mass flow. The direction of the lines is toward 
the areas where vapor appears with further inlet total pressure drop. 
The results of the entropy generation sampling are shown in 
Fig. 17(b). The entropy rates are lower as we move from the 10th 
channel and toward the back which has been indicated in Fig. 17(a)
as well. Higher values are observed close to the entrance of the 
channels because of the dump losses and the abrupt acceleration of 
the flow. The entropy generation rate drops very quickly as the flow 
moves inside the rotor. The steepness of the first dropping section of 
the curves is lower as we move to channels toward the back with 
higher mass flows. This means that more losses are caused in the 
region where the flow enters the rotor and remains almost radial for a 
certain radius span. The effectiveness of the shear forces increases 
when the flow starts turning and follows the rotation of the disks.

Excluding the volute induced losses which are not related to the 
working principles of such a pump, most losses in the rotor occur in 
the first channels that are also more susceptible to vapor formation. 
The above implies that a design with better mass flow distribution 
in the channels will benefit both the efficiency of the machine and its 
cavitation performance. The improvement of efficiency by avoiding 
the flow turning directly from the axial to the radial direction at the 
entrance of the rotor has been introduced by previous researchers 
[9]. They suggested a design where the disks are not perpendicular to 
the axis of rotation but have an angle to accommodate easier 
entrance of the flow. However, they had not considered that this 
arrangement would also have better cavitation behavior along with 
its performance, which is something observed in the current study.

4 Conclusion

The current study analyses the cavitation mechanism of a Tesla 
pump with a 3D CFD full pump approach. The main conclusions are 
the following:

(1) The pressure and mass flow distributions among the different 
channels are not uniform as assumed in previous literature. 
Instead, there is a difference between minimum and 
maximum values that reaches 16% for channel entrance 
pressures and 127% for channel mass flows. This happens 
because the flow avoids turning 90 deg from the axial to the 
radial direction. Recirculation of the flow inside the inner 
domain can also cause small nonuniformity in the channels 
mass flow distribution.

(2) Vapor starts forming in the channels closer to the pump’s inlet 
because these channels indicate lower mass flows which can 

be accelerated to higher velocities by the shear forces. With 
further inlet total pressure decrease, vapor forms sequentially 
to adjacent channels toward the back like a domino effect. 
This is because the flow still avoids entering the channels 
closer to the entrance and follows a path in which less turning 
is required.

(3) Higher vapor volume fractions are observed further inside the 
rotor gap where the tangential velocity component becomes 
more prominent but there is not enough pressurization yet. 
The radius where this happens is dependent on the mass flow 
of the channel. The higher the mass flow, the higher the 
radius.

(4) If several channels are blocked, fewer channels need to pump 
the full mass flow, and this leads to a detrimental head 
decrease since the viscous work that can be provided by each 
channel is limited. Because of this effect, the head of a Tesla 
pump seems to drop steeply.

(5) By the losses’ investigation study conducted, it is revealed 
that high entropy generation areas inside the rotor coincide 
with vapor formation areas. The above suggests that a design 
improved for cavitation would exhibit increased efficiency as 
well.

(6) The Tesla smooth pumping advantage is still valid as seen in 
the pressure rise profile inside the rotor. Uniform mass flow 
distribution among the channels would improve Tesla pump 
cavitation performance.
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