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Ultra Low Temperature
Microturbine for Magic
Angle Spinning System
We investigate the fluid dynamics of a microturbine system that is applied in a device for
chemical and biological analysis—a so-called magic angle spinning (MAS) nuclear mag-
netic resonance (NMR) probe. The present system is utilized in a wide temperature range
from 45K to 293K. Pressurized air, nitrogen, or helium are used to drive a Pelton type
microturbine. This turbine is mounted on a MAS rotor with a diameter between 0.7mm
and 3.2mm. The rotor system is equipped with a pressurized gas bearing that is operated
by the same gas species as the turbine. Computational fluid dynamics (CFD) simulations
have been performed and compared with fluid dynamics measurements of the MAS system
for different diameters, temperatures, and spinning rates between 23 kHz and 120 kHz.
To our knowledge, this work is the first comprehensive CFD and experimental study of
such a wide temperature range that has been carried out for microturbines with pressur-
ized gas bearings. The results show good agreement between measurements and CFD
simulations with appropriate (real) gas models, i.e., the ideal gas model for air at room
temperature, Peng–Robinson model for nitrogen at 105K, and ideal gas model for helium
at 45K. [DOI: 10.1115/1.4053746]

1 Introduction

During the last years, microfluidics has gained increasing atten-
tion for various applications such as microfluidic mixers [1], cav-
ity driven microfluidic systems [2], or microfluidic sensors [3], for
an overview we refer to Sharp [4]. In particular microturbines
with rotor diameter in the range of less than 1mm to 10mm
are an interesting category of microfluidic systems, see, e.g.,
Refs. [5–9]. Lee et al. [9] presented a plant-on-a-chip microsteam
turbine fabricated on a silicon base and delivering 4.7W of
mechanical power. In general, microturbines have been employed
for power generation in a wide range of less than 1W to 100W
[10–15]. In the literature rotor speed of 100,000 revolutions per
minute (about 1.6 kHz) up to more than one million revolution per
minute can be found (e.g., Ref. [5]).

In this work, we consider a microturbine that is employed in
nuclear magnetic resonance (NMR) spectroscopy. NMR spectros-
copy is a widely used analytical method in biology, chemistry,
and material science. It has the capability to give deep insight into
the molecule structure (see, e.g., Refs. [16–18]). The basic princi-
ple of NMR relies on placing the sample of interest in a very
strong static magnetic field (1–28 Tesla) that aligns the nuclear
spins of the sample. Simultaneously, a radio frequency (RF) field
is irradiated onto the sample in order to manipulate the nuclear
spins. The reaction of the spins to the RF field is measured in
form of a spectrum revealing information about the molecule
structure of the sample. The enhancement of spectral quality is a
very important optimization factor in NMR spectroscopy. Herein
the main parameters are the signal-to-noise ratio (SNR) and the
width of the spectral lines. In NMR, nuclear spins are aligned
along or against the static magnetic field, leading to different
energy states. Since the population difference between these
energy states is very small (about one ten thousandths of all
nuclear spins), NMR is a rather insensitive method. Consequently,
an increase of the signal-to-noise ratio is a major research and
development direction in NMR instrumentation.

In general, two NMR methods can be distinguished, liquid and
solid state NMR. In liquid NMR, the sample is dissolved, for
example, in water or organic solvents, and measured in a sample
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tube of 1mm–7mm diameter. In solid-state NMR, the sample is
usually powdered and placed in a sample container for NMR
examination. Due to a quantum mechanical coupling phenom-
enon, solid-state samples produce very wide spectral lines and
consequently low quality spectra. It is well known that spinning
the solid state sample under the so-called magic angle of 54.7 deg
relative to the static magnetic field direction averages out this
quantum mechanical coupling, resulting in narrow lines. How-
ever, the line width is a function of the rotation speed and there-
fore in practical applications 1000 up to about 100,000 revolution
per second (1–100 kHz) are employed. The sample is filled in a
sample container, the so-called rotor. Common rotor diameters
are 0.7mm, 1.3mm, or 3.2mm. This rotor is equipped with a tiny
Pelton type turbine on its top driven by air, nitrogen, or helium.
The so-called magic angle spinning (MAS) system encompasses
also a pressurized gas bearing that is operated with the same gas
as the turbine. The principle of the MAS system and some theoret-
ical considerations are given in Refs. [19–24].

The optimization directions in developing MAS systems are
further increase of the revolutions per second [25] and increase of
SNR. Consequently, the microturbine and the gas bearing system
have been subjected to intensive research and development work.
In the past, experimental testing in an empirical manner has
played an important role, whereas computational fluid dynamics
(CFD) analysis is not very wide spread in the design of MAS sys-
tems, cf. [24–27]. Recently, Sesti et al. [26] reported CFD simula-
tions of NMR systems at very low temperature (i.e., 6 K). Also,
spherical rotor geometries were proposed and investigated
[28–30]. Wilhelm et al. [24] reported one of the first CFD simula-
tion study of a MAS system. Herein it is shown that the power
generated by the microturbine is in the range of 6W and the effi-
ciency is about 20%, which is rather low compared to industrial
Pelton turbine systems for power generation [31,32]. Herzog et al.
[27] investigated the MAS system in more detail employing CFD
simulations compared with experimental measurements. They
contributed to the optimization directions for the air propelled tur-
bine design for the rotation speed of 23 kHz to 67 kHz. Moreover,
sensitivity to fabrication tolerances is studied for the tiny turbines
of 1.3mm diameter in that work.

As mentioned before, the increase of the SNR is one major opti-
mization direction of nuclear magnetic resonance spectroscopy. In
the last years dynamic nuclear polarization (DNP) methods have
gained significant interest [33,34], although the method is not new
(for a review see Ref. [35]). The basic idea of DNP is to polarize
the electron spin of the rotating sample by radiation of high fre-
quency microwaves of about 200GHz at a low sample tempera-
ture of about 80–110K employed. Rosay et al. [33] use a spinning
frequency of 8–12kHz at a sample temperature of 97–103K, employ-
ing cryogenic nitrogen gas as drive, cooling, and bearing medium. To
further increase the SNR, a research group at Grenoble [36] has
developed an ultralow temperature DNP-MAS system that utilizes
cooled helium gas as drive, cooling, and bearing medium. Lee et al.
[36] achieved MAS spinning frequencies of 13kHz at 36K employ-
ing a 3.2mm MAS rotor system. The combination of ultralow tem-
perature DNP with moderate sample spinning lead to a significant
enhancement of the SNR by a factor of more than 300.

The scope of this paper is to provide an in-depth analysis of a
microturbine system equipped with a gas bearing for a large tem-
perature range of 45–293K. The turbine and bearing system is
driven by three different media, i.e., either helium, nitrogen, or
air. CFD simulations utilizing the tool package OpenFOAM
employing ideal gas and real gas models are compared in this
work. Special emphasize is laid on fluid dynamic modeling of the
microturbine.

The paper is structured as follows. In Sec. 2 we introduce a
MAS turbine system with its flow geometry and relevant charac-
teristics. Furthermore, we focus on the numerical methodology,
the mesh generation, and the considered fluid parameters and
boundary conditions in this section. In Sec. 3 we discuss the
results, followed by a conclusion in Section 4.

2 Case Description and Numerical Methodology

In magic angle spinning NMR, we consider the following basic
configuration: a MAS rotor containing the NMR sample, which is
rotated with the frequency f in the range of spinning rates of
5 kHz–120 kHz. The rotor is driven by a turbine that is mounted
on the top end of the rotor (the so-called turbine cap, see Fig. 1).
The rotor is positioned by two radial gas bearings. The
principle of a typical MAS turbine configuration is shown in
Figs. 2 and 3.

Magic angle spinning probe heads are equipped with two sepa-
rate gas flow supplies, i.e., drive flow and bearing flow. The two
radial gas bearings are fed through five nozzle flows, each. Herein,
the bearing flow passes through the nozzles impinges onto the
rotor, and flows either toward the center of the rotor or mixes to
a smaller fraction with the turbine fluid flow. The turbine fluid
flow passes the inlet plane, flows through a pipe, and is hereafter
distributed into five to seven circumferential pipes. The gas flow
exits the rotor chamber in the upward and downward direction
and reaches the outlet bottom or top, respectively. The principal
system as sketched in Figs. 2–4 has been previously introduced
by Herzog et al. [27].

In our study different rotor diameters were considered, namely,
3.2mm, 1.3mm, and 0.7mm rotor systems. Depending on its
diameter, the rotor is rotated with the frequency f in the range of
spinning rates between 5 kHz and 120 kHz. The smaller the diam-
eter is, the higher is the reached spinning rate.

2.1 Numerical Methodology. Since the MAS system con-
sists of rotating and static parts, specific numerical approaches are
needed. The steady-state domain, the stator, is formed by the
housing and includes the port for the drive pressure (inlet) and the
outlet regions, where the gas flow exits the system. The rotating
domain is composed of the bladed turbine cap, and the rotor
revolves with a certain angular velocity with respect to the system
z-axis (see Fig. 2).

For providing quantitative results, the aerodynamic forces and
torques acting on the turbine were evaluated from the simulation
data. The axial force acting on the turbine was found to act down-
ward in the negative z-direction and it plays a role in directing and
stabilizing the rotor system. The x- and y-force components are
important for the rotor stability, because these components may
generate a tilting movement that destabilizes the rotor. The
momentum component around the rotation axis z is the drive tor-
que Mz. The other two momentum components around the x- and
y-axis corresponding to the tilt moments are usually considered by

Fig. 1 Rotor with turbine cap mounted on top
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a stability analysis of the gas bearing, which is beyond the scope
of this work.

The employed numerical methodology is based on the multiple
reference frame (MRF) method, also known in turbomachinery as
the frozen rotor approach. In the rotating part, the Navier–Stokes
equations are solved in the associated relative frame

@ qurð Þ
@t

þr � qururð Þ þ 2qx� ur þ qx� x� rð Þ

¼ �rpþr � lrurð Þ (1)

Two additional acceleration terms occur in this momentum
equation, namely, the Coriolis and the centrifugal term. In the sta-
tor part, the corresponding equations in a steady-state frame

@ quð Þ
@t

þr � quuð Þ ¼ �rpþr � lruð Þ (2)

are considered. Here pressure, density, and dynamic viscosity are
denoted by p; q; l, respectively. The velocity relative to the rotat-
ing frame ðurÞ is defined as the difference between the absolute
velocity u and the peripheral velocity

ur ¼ u� x� r (3)

where x ¼ 2pf is the angular velocity and f is the rotation fre-
quency. The information between steady-state and rotating zones
is transferred through the arbitrary mesh interface at each iteration
step. This interface is required exclusively for the numerical simu-
lation to connect the two computational domains and has no phys-
ical meaning. At these interfaces between the two references
frames a velocity steady-state flow condition is applied which
assumes the same absolute velocity on both sides of the interface.
In an inertial (nonaccelerating) coordinate system the flow around
the rotating parts, such as the blades of the turbine, appears always
unsteady due to the periodicity implied through the finite number
of blades. Despite of the periodic sweeps the flow around the tur-
bine can reach a stationary condition. For a rotating (noninertial)
coordinate system fixed on the rotor, the flow is usually steady rel-
ative to the rotating frame.

When performing unsteady simulations, adding unsteady terms
to all the governing equations of the MRF approach Eqs. (1) and
(2) is not sufficient. In agreement with Ref. [37] the usage and the
physical meaning of such results are questionable for transient
simulations. Generally, more meaningful results for unsteady rota-
tional flows are yielded by the sliding mesh method (SMM) for
which the meshes and the geometry remain unchanged. The slid-
ing mesh method allows adjacent grids to slide relative to each
other along the interface surface, whereas the coupling between
the two regions is achieved by interpolating the flow variables on
the cell faces.

Fig. 3 View of the 1.3mm rotor and stator flow region. The
drive gas is supplied from the inlet and afterward distributed
into the drive nozzles, then driving the turbine and leaving
through the various outlet planes. Figure adapted from Herzog
et al. [27].

Fig. 4 Top few of the turbine flow domain. Figure adapted from
Herzog et al. [27].

Fig. 2 Sketch of the MAS rotor system with turbine and radial
bearings. The rotor is rotating around the z-axis with an angular
rotation frequency x5 2pf. Figure adapted from Herzog et al.
[27].
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In our previous paper [27] both the MRF and the SMM
approach were validated by performing three-dimensional simula-
tions of the microturbine system. For steady-state simulations, the
main problem was to calculate physical variable values which are
independent of the rotor position relative to the nozzles. There-
fore, three blade turbine positions at 0 deg, 30 deg, and 60 deg
counterclockwise relative to the nozzles were considered. Individ-
ual and averaged values over the three angular positions of the
forces and torques acting on the turbine were determined with the
steady-state MRF approach. Small differences in the flow patterns
lead to unequal pressure distribution on the turbine surface, which
include small variances in the force and torque values. However,
the test results carried out for the MAS 1.3mm turbine systems at
a rotation frequency of 23 kHz show for the averaged driven tor-
que a percentage deviation of 0.22% from the results without
averaging. In order to ensure that the averaging over the three
rotor positions by steady-state simulations leads to the same result
as the average over one revolution of a transient simulation, tests
were performed with an unsteady solver based on the SMM
approach. The test results show a percentage deviation of 0.5% in
the transient simulation from the steady-state results without aver-
aging. Since the discrepancies between the results are extremely
small and the unsteady simulations lead to an increase of compu-
tational time by a factor of 5.5 compared to the combined calcula-
tion time of the three steady-state cases, the steady-state case with
blade turbine positions at 0 deg relative to the nozzles was chosen
for providing the results of this work.

For solving the set of the model equations the open source
Cþþ library OpenFOAM version 2.3.1 was used (see, e.g.,
Ref. [38]). This CFD package provides specifically adapted solv-
ers for given flow problems, including the MRF and the SMM
technique. Due to the high contraction of the jet nozzles, the fluid
can reach transonic and supersonic velocities, especially near the
rotor blades. Therefore, the compressible flow equations coupled
with the specific gas equation were solved. The rhoSimpleFoam
module was considered as most suitable to perform simulation of
the steady-state flow in the microturbine with the MRF approach.
This application includes a pressure-based solver in which the
momentum and continuity equations are solved simultaneously
and the energy equation is put off until after the pressure correc-
tion step. When rapid changes in material properties take place,
density-based solvers in which the momentum, continuity, and
energy equations are solved together and the pressure field is com-
puted from the equation of state are recommended, due to their
better accuracy in trans-/supersonic regions. However, as long as
the method remains stable, a pressure-based solver is a reasonable
approach also for supersonic flows. To improve the stability, pres-
sure relaxation was inserted for the used pressure-based applica-
tions. Moreover, supersonic regions can occur in the MAS system
only locally near the rotor blades. In order to avoid any doubt,
simulations with a density-based application were also carried
out, as mentioned in Ref. [27], and no differences in the flow
fields were found. The steady-state simulations were mainly car-
ried out by choosing upwind discretization for the advection terms
and a linear scheme for the gradient terms. The minimum residual
criterion was specified to 10–5 for all flow variables, namely,
velocity u, pressure p, and enthalpy h.

2.2 Turbulence Modeling. Another question posed was
whether turbulence modeling is necessary for the simulation pro-
cess. For that certain test simulations of a MAS 1.3mm system at
its maximal rotational frequency of 67 kHz were performed with-
out turbulence model and with commonly used models like kome-
gaSST, komegaSST for low Reynold numbers, and the v2f model.
As concluded in Ref. [27] when using turbulence modeling the
deviations in the momentum components are negligible especially
for the drive torque. Initial calculations have shown that the Reyn-
olds number at key locations, like pipe inflow, inflow spiral, larg-
est ducts size, and nozzle exit, do not extend beyond turbulence

transitional values. Only in the bottom outlet area at the turbine
shaft, the flow reaches supercritical conditions. The resulting aero-
dynamic forces and torques on the turbine as well as the flow
fields do not differ significantly when using turbulence modeling
compared to the laminar solution. Due to the small differences for
the torque components and the Reynolds numbers which are not
completely located in the turbulent regime, all simulations of this
work were performed without turbulence modeling. This was
done also to avoid additional numerical diffusion introduced by
turbulence models and because the mesh was sufficiently refined
to resolve the flow fields.

2.3 Grid Generation. The grid generation of this paper is
based on the methods of Herzog et al. [27]. The computational
mesh for the performed microturbine simulations consists of two
parts: the stator mesh and an inner rotor mesh. Three interface
surfaces were needed to couple the two regions, one between the
turbine’s top surface and the casing, another on the side of the tur-
bine between the blade tips and the casing where the nozzles enter
the turbine area, and a third interface in the bottom region of the
turbine. The locations of the interfaces were selected carefully to
avoid numerical distortion of the results due to the presence of
these interfaces and to ensure appropriate use of the sliding mesh
approach.

Computational meshes are generated for two cases, the 1.3mm
turbine system and the 0.7mm turbine system. For the 1.3mm tur-
bine system, structured hexahedron grids with a total number of
2,236,727 nodes and 2,376,561 cells, 30% of which are located
within the rotor, were generated with the mesher ICEM-CFD version
15.0 of ANSYS. For the 0.7mm turbine system, we also used struc-
tured hexahedron grids with a total number of 3,724,783 nodes
and 3,523,440 cells. Figure 5 shows the grids employed for our
1.3mm and 0.7mm simulations. A cut through the grid on the
nozzle level is given in Figs. 5(c) and 5(e) for the 1.3mm and the
0.7mm turbine systems, respectively. The near-wall regions are
refined to resolve the boundary layer in the regions where the flow
is accelerated because of the contraction of the nozzles. In order
to compute the aerodynamic forces, a high quality mesh, espe-
cially in the surface region, is very important. The present grids
are generated in a process of careful refinement studies. A detailed
few meshes employed for the two cases, i.e., 1.3mm turbine and
0.7mm turbine, are given in Figs. 5(c), 5(d), 5(e), and 5(f), respec-
tively. An enlargement of the mesh refinement at the blade tip
region illustrates the high quality of the grid, see Fig. 5(f). The
grids contain cells with edge lengths between 0.03mm and
0.7mm in the stator part and a local refinement in the rotor region
down to 0.16lm. Note that the 1.3mm turbine has four blades
and seven inlet tubes, while the 0.7mm turbine has five blades
and eight inlet tubes.

2.4 Boundary Condition. For driving the microturbine three
different fluids at specific inflow temperatures as shown in Table 1
are used. Air is entering the system at room temperature of 293K,
helium enters the system at about 45K and nitrogen at about
105K. Air and helium generally obey the ideal gas equation of
state, but for nitrogen at 105K real gas effects have to be
considered.

Even though the investigated MAS system is a pressure driven
flow problem, a mass flux inlet boundary condition was defined
for the velocity to ensure the numerical stability of the simulation.
At the inlet, a Dirichlet boundary condition was set for the tem-
perature by assuming a uniform temperature of 293K (ca. 20 �C)
for the air flow, 45K in case of helium driven system, and 105K
to 118K for nitrogen. In the following, we indicate the nitrogen
case by 105K, for simplicity of the notation. The pressure was set
to a Neumann condition by defining a zero gradient condition on
the inlet patch which means that the gradient perpendicular to the
inlet patch is set to zero and the pressure is obtained by the veloc-
ity field. Both outlet regions (top and bottom) were set to ambient
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pressure conditions by defining a constant value of 1 bar. To pre-
vent back flow and related numerical instability in the outlet area
an inletOutlet condition was imposed for the velocity field. Since
the outlet is regarded as adiabatic, a zero gradient condition was
specified for temperature. At the system walls, the simple no-slip
condition was applied. Furthermore, all walls are assumed as adia-
batic, therefore a zero gradient condition was set for the tempera-
ture. Table 1 shows the physical properties of the three fluids used
for the simulation. Because of the expected Mach numbers and
high temperature changes as a result of the adiabatic expansion
the fluid is considered as compressible gas with a temperature
dependent viscosity according to the Sutherland model. In the
case of air and helium flow, the ideal gas equation was used,
whereas for nitrogen the Peng-Robinson model was inserted.

The simulations of the MAS system were performed for differ-
ent rotation frequencies f where the rotational speed was set to a
constant value. The considered simulation cases are summarized
in Table 2.

2.5 Mach Similarity—Optimization Guidelines. The goal
of this work is to provide a relevant contribution to the develop-
ment of two new MAS product families. One MAS product family
encompasses probes driven by air investigated at room tempera-
ture. The other one consists of low temperature MAS probes for
1.3mm and 0.7mm rotors driven by nitrogen, as well as 3.2mm
MAS helium probes. In addition, this work is a major contribution
to the development of a scaling method, which can be used exten-
sively for the development of new MAS probe types. They allow
the rotor diameters, the temperature, and the medium to be scaled
and provide information on the appropriate optimization, like noz-
zle diameter, nozzle position, blade number, etc.

Table 3 allows a view of how characteristic variables (such as
rotational speed, torque, power, or efficiency) change as the
geometry of the turbine is changed. Hereby, the Mach-similarity
is shown for an ideal gas (i.e., Ma1¼Ma2) when the gas tempera-
ture is kept constant (i.e., T1¼ T2), so that the sound velocity
remains unchanged. In conclusion, the rotation rate changes inver-
sely proportional to the probe rotor diameter; the mass flow rate
and the power both change with diameter to the power of two; the
torque changes with diameter to the power of three, but the tur-
bine efficiency remains unchanged. Based on this Mach-
similarity, in Tables 4 and 5, the changes in the rotation rate and
mass flow are given for air and helium, respectively, which both
can be considered as ideal gases.

Fig. 5 Computational domain of hexahedron grids; 1.3mm tur-
bine system shown in (a)–(d), 0.7mm turbine system shown in
(e) and (f). (a) Entire simulation domain, (b) turbine rotor with
mesh, (c) horizontal cut through 1.3mm turbine system, (d) tur-
bine grid, (e) horizontal cut through 0.7mm turbine system, and
(f) enlargement of blade tip (0.7mm turbine system).

Table 1 Simulation parameter values

Parameter Unit Air Helium Nitrogen

Heat capacity J/(K m3) 1005 5214 1141
Ambient pressure bar 1 1 1
Ambient temperature K 293 45 105

Sutherland coefficients
kg

ms
ffiffiffiffi
K

p , K 1:48� 10�5; 116 1:1� 10�6; 10 1:39� 10�6; 106

Table 2 Simulated cases

Diameter
(mm)

Drive
medium

Frequency
(kHz)

CFD
model

0.7 Air, 293K 60 80 111 120 Ideal gas
1.3 Air, 293K 23 55 67 Ideal gas
1.3 Nitrogen, 105K 5 25 40 Peng Robinson
1.3 Helium, 45K 20 55 67 Ideal gas

Table 3 Mach similarity for the same material and at a constant
temperature, where q; _m ;cp ;DT denote density, mass flow rate,
heat capacity at constant pressure, and temperature difference,
respectively (diameter d is variable)

Ma-similarity Ma1¼Ma2

Temperature T1¼T2

Sound velocity a1¼ a2

Flow velocity U ¼ Ma � a U � 1

Rotation rate f ¼ U=ðp � dÞ f � d�1

Mass flow rate _m ¼ q � U � d2 _m � d2

Pressure force F ¼ _m � U F � d2

Pressure p ¼ F=d2 p � 1

Torque M ¼ _m � U � d=2 M � d3

Shaft power Pt ¼ M � 2 � p � f Pt � d2

Mechanical power Ph ¼ _m � cp � DT Ph � d2

Efficiency g ¼ Pt=Ph g � 1
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In contrast, Table 6 summarizes the characteristics of the
microturbines relative to the characteristics of the drive medium
(density, sound velocity, heat capacity, or isentropic exponent).
Hereby, the Mach-similarity is shown for an ideal gas when the
geometry and the driven pressure are kept constant (i.e.,
d1¼d2; p1¼ p2;Ma1¼Ma2). In conclusion, the rotation rate
changes proportionally to the sound velocity; the mass flow rate
changes inverse proportionally to the sound velocity, the torque
changes only relatively to the isentropic exponent, and the turbine
efficiency is proportional to 1�j.

By means of these Mach-similarities, two important scaling
methods are provided: Either measurement or simulation data
from a MAS configuration can be transferred to a new one. These
similarity techniques can be useful in providing optimization
guidelines for a large MAS probe parameter range and even for
other gas driven Pelton type turbines using different media.

In this work, we concentrate on the simulation of the MAS tur-
bine system only. This approach has been chosen, in order to sepa-
rate the effects of the turbine from the bearing flow system. It allows
for an in-depth investigation of turbine flow dynamic but disregards
feedback from the bearing onto the rotor. Hence, bearing induced
flow instabilities, which are also important for the MAS probe head
design are not taken into account. The CFD simulation method of
our turbine is well established (cf. Wilhelm et al. [24], Herzog et al.
[27]) for a 1.3mm room temperature turbine system. This method is
extended to a 0.7mm room temperature case and 1.3mm low tem-
perature probes driven by cold nitrogen and helium. For the cold
nitrogen case, real gas effects are thoroughly taken into account.

3 Results and Discussion

In this section, the flow dynamics of the MAS turbine system
are investigated by analyzing the influence of rotational frequency

and geometrical parameters on the microturbine efficiency. The
efficiency of a MAS system is defined by the power delivered to
the rotor (i.e., the shaft power) divided by the total power that
depends mainly on the ratio of the supply pressure to the outlet
pressure. It is aimed to reach a maximum rotational frequency at
the lowest possible supply pressure. Since conventional com-
pressed air systems have a certain pressure limitation, the inlet
pressure required to drive the turbine should not exceed 5 bar. The
rotational frequency is kept constant as mentioned before and thus
the efficiency of the system is determined by the resulting drive
torque on the turbine. With the assumption of constant bearing
friction at a certain frequency the drive torque at the turbine
allows for conclusions about the possible rotational speed.

3.1 Comparison of 0.7mm and 1.3mm Turbines. In the
experiment, the inlet pressure is prescribed resulting in a respec-
tive mass flow. Whereas we prescribe the mass flow an inlet
boundary condition for our CFD simulation, and a desired inlet
pressure results. In Fig. 6(a) very good agreement between the
measured and the simulated mass flow is seen for the 1.3mm
MAS system. However, for the 0.7mm case the mass flow result-
ing from the simulation is about 36% lower than in the experi-
ment. This is a direct consequence of the fabrication tolerance of
the nozzle. Note that the relative inflow pressure is computed by
drive pressure minus outflow pressure (which is equal to 1 bar,
i.e., ambient conditions).

3.2 Power and Efficiency Factor. For comparison with
experimental measurements, the MAS turbine efficiency is
defined by the following relation:

g ¼ Pshaft

Ptotal

(4)

The total power Ptotal can be defined by means of the work of an
adiabatic process and the mass flux _m

Ptotal ¼ _m cp T1 1� p2
p1

� �j�1
j

" #
(5)

where cp is the specific heat capacity, T1 is the absolute tempera-
ture, p1 is the absolute static pressure at the inlet (supply pres-
sure), p2 is the outlet pressure, an j is the isentropic exponent.
Here we neglected the velocity at the outflow. The shaft power is
defined by

Pshaft ¼ xMz (6)

Table 5 Mach similarity for He at a constant temperature

Diameter d (mm) 3.2 1.3
Rotation rate f (kHz) 8 19.69
Mass flow rate _m (kg/s) 2:6� 10�4 4:29� 10�5

Table 6 Mach similarity for an ideal gas, same geometry, and
at constant pressure, where j and R denote the isentropic
exponent and the specific gas constant (U, T are variable)

Ma-similarity Ma1¼Ma2

Geometry d1¼ d2

Pressure p1¼ p2

Sound velocity a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j � p=q

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j � R � T

p

Density q ¼ p=ðR � TÞ q � ðR � TÞ�1 � j=a2

Flow velocity U ¼ Ma � a U � a

Rotation rate f ¼ U=ðp � dÞ f � a

Mass flow rate _m ¼ q � U � d2 _m � q � a � j=a

Pressure force F ¼ p � d2 F � 1

Torque M ¼ _m � 2pf � d2=4 M � j

Shaft power Pt ¼ M � 2pf Pt � j � a
Mechanical
power

Ph ¼ _m � cp � DT Ph � j=a � cp � T ¼ a � cp=R

Efficiency g ¼ Pt=Ph g � j � R=cp ¼ R=cv ¼ j� 1

Fig. 6 Drive pressure as a function of mass flow—comparison
between simulation and experiment with function pattern

Table 4 Mach similarity for air at a constant temperature

Diameter d (mm) 3.2 1.3 0.7
Rotation rate f (kHz) 27.22 67 124.43
Mass flow rate _m (kg/s) 2:71� 10�3 4:47� 10�4 1:29� 10�4
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In Eq. (6) the drive torque about the z-axis is computed from
the pressure and the shear component acting on the turbine blades.
Table 7 summarizes these components for the different rotation
rates considered and Fig. 7 shows the respective torque values.

The shaft power, computed from the torque, drives the rotor,
and it is converted into friction power inside the two bearings and
on the surface of the rotor (due to gas viscosity). Thus, we denote
the sum of bearing power and surface friction power as friction
power Pfriction. The friction energy is essentially converted into
heat.

Consequently, the temperature increase can be used to calculate
the friction power

Pfriction ¼ _m cp � DT þ ju2j2

2

� �
(7)

where DT and u2 denote the temperature difference between inlet
and outlet, and the exit velocity at the outlet, respectively.

If we neglect the velocity of the fluid, we can compute the fric-
tion power directly from the temperature change DT. Correspond-
ing temperature changes were measured using a thermal imaging
camera on the 1.3mm system.

Figure 8 shows a thermal camera image of the 1.3mm rotor
revolving at a frequency of 67 kHz. In horizontal and vertical
direction the number of pixels are given in the graph. For orienta-
tion, we marked the rotor region in the sketch from Fig. 2 red and
depicted this region in the thermal camera image. The photo in
Fig. 8(d) illustrates the rotor region, which is recorded by the ther-
mal camera. It is clearly visible that the rotor is the hottest region
of the MAS turbine system, which is heated up due to air friction.
In order to evaluate the temperature difference DT, we subtracted
the background temperature, obtained from a rotor without rota-
tion, from the camera image, see Figs. 8(a) and 8(b), respectively.
Additionally, DT is computed by averaging over the pixels repre-
senting the hottest region of the rotor (i.e., the bright yellow points
in the center of the red rectangle). It can be seen that the

temperature difference is 30 �C for the 1.3mm rotor at a rotation
frequency of 67 kHz. This is in good agreement with the simula-
tion results of the same case described by Wilhelm et al. [24].

Moreover, it is also possible to determine the sample tempera-
ture change by a dedicated NMR experiment. We assume a mea-
surement uncertainty in the temperature values of about 610%
for both methods. The main reason is that both the thermal images
and the NMR experiment give only local temperature information.
In Figure 9 both methods are used, where the temperature changes
of the 1.3mm and 0.7mm system are plotted as a function of the
rotation speed (air at ambient temperature). It is seen that the ther-
mal imaging results agree quite well with the NMR results for the
1.3mm MAS system.

Figure 10 shows the measured friction power as a function of
the rotation frequency compared to the shaft power obtained from
the CFD simulations. We observe lower experimental values of
the friction power for the 1.3mm system compared to the simula-
tion results. This might be due to in-stationary effects or to a not
vanishing exit velocity u2 in the present case. However, for the
0.7mm MAS system, we observe a fairly good agreement
between shaft power and bearing power, which is deduced from
NMR results only. These two completely independent measure-
ment methods together are a good indication for the assumption
that the major part of the shaft power is converted into friction
power, furthermore, the friction energy is essentially converted
into heat. Moreover, the measurement results serve as a validation
of our numerical simulations, taking the mentioned measurement
uncertainty of 610% into account. We conclude that the shaft
power of a 1.3mm and a 0.7mm turbine is 6.6W (at f ¼ 67 kHz)
and 2W (at f¼ 120 kHz), respectively. To our knowledge, this is
the first experimental validation of shaft power values for 1.3mm
and 0.7mm MAS systems.

Having the shaft power values at hand, we can easily compute
the turbine efficiency. Tables 8, 9, and Fig. 11 show the efficiency
of both MAS systems. It is interesting to note that the efficiency
decreases with the rotation speed for both systems and the 0.7mm
MAS system exhibits a higher efficiency for all rotation speeds.
This contrasts with the scaling of Table 3, which predicts a con-
stant efficiency when scaling the rotor diameter d. However, due
to fabrication restrictions, not all geometry parameters are identi-
cally scaled. Moreover, we have considered the optimization
guidelines of Herzog et al. [27] for the 0.7mm turbine system
design, i.e., the number of blades has been increased (from 4 to
5), the scaled nozzle diameter has been reduced and the number
of nozzles has been increased (from 7 to 8). Although efficiency is
forehand not the main optimization parameter for MAS turbine
design, higher efficient turbines need a smaller pressure difference
(or mass flow) in order to reach the same rotation frequency. This
is important for low temperature MAS systems, where costly low
temperature media (cooled nitrogen or helium) are employed as
drive gas.

3.3 Geometry Optimization of the Rotor-Stator System at
Low Temperature. The optimizations or simulations were car-
ried out with the media nitrogen (at a temperature of 105K) and
helium (at a temperature of 45K). For helium, the ideal gas equa-
tion could be used as the state equation at the existing operating
pressures and temperatures. The deviation from real gas is less

Table 7 Drive torque about z-axis for MAS 0.7mm

Rotation Inflow Pressure Shear Driven Ratio of shear and
rate pressure Mass flow component component torque pressure component
(kHz) relative (bar) (kg/s) � 10�5 (N �m) � 10�6 (N �m) � 10�8 (N �m) � 10�6 (%)

60 1.1 4.11 1.553 �4.120 1.512 �2.65
80 1.8 5.62 2.056 �6.441 1.991 �3.13
111 3.4 9.09 2.630 �9.920 2.531 �3.77
120 4.0 10.38 2.731 �10.790 2.623 �3.95

Fig. 7 Torque about the z-axis for MAS 0.7mm
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than 1% and therefore negligible. For nitrogen, the deviation
between ideal gas law and real gas is up to 8%. Therefore, the
state equation according to Peng–Robinson was used for the
simulation.

For helium, pressure as a function of the mass flow agrees very
well with the curve of air at room temperature (see Fig. 12). For
this purpose, the density of the media has a significant influence
which is approximately the same at the operating points 45K for
helium and room temperature for air. With nitrogen as the driving
medium, the situation is different. Nitrogen at 105K has about a
factor of three higher density, while the viscosity is half compared
to air at room temperature. Both properties lead to a lower pres-
sure difference at the same mass flow (Fig. 12).

Figure 13 shows the torque of the rotor to be applied to the
three media. The torque for nitrogen is higher at a comparable
speed than that for air, because of the higher density. With helium,
the torque is comparable to air (comparable speeds and densities).
The present results clearly show that the relation of mass flow to

drive pressure is very similar for air at room temperature and
helium at very low temperature (45 k). Furthermore, the torque
that is delivered by the turbine is comparable for ambient air and
cold helium, but higher for cold nitrogen. Hence, the design of
low temperature helium MAS systems can easily be adapted from
room temperature air system designs. In contrast, this is not the
case for low temperature nitrogen systems (at 105K), which reach
the same mass flow with a smaller drive pressure and a higher tor-
que at the same rotation frequency.

We compare the efficiency for these three media in Fig. 14.
Here, the helium case shows the highest efficiency. However, fre-
quency and efficiency are quantities that depend on the medium.
Hence, in the next step, we scaled the helium and nitrogen case to
that of ambient air. Therefore, the frequency f is scaled according
to Table 6, i.e., by the speed of sound and the efficiency is scaled
by j� 1. Now the ambient air case exhibits the highest efficiency
followed by the nitrogen case and the helium case is least efficient
(which is due to the significant higher j), cf. Fig. 15. Moreover, it

Fig. 8 (a) Thermal camera image of 1.3mm MAS rotor system (scale in �C) with rotation fre-
quency of 67 kHz and (b) difference temperature of background and values from (a). (c)
Sketch of MAS rotor system illustrating the relevant region by the red square in (a) and (b).
(d) Photo of MAS turbine system with relevant rotor region marked red.
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is seen that all scaled frequencies are in the same range of about
10–70 kHz. Table 10 summarizes the thermodynamic properties
used for the scaling, where the max. rotation rate is calculated
assuming to be 80% of the respective speed of sound (i.e., the
outer rotor wall rotates with a velocity of 2p f r ¼ 0:8 a).

At the available pressures and temperatures, nitrogen has a
sound velocity that is about 40% lower than that of air.

Fig. 9 Heating of the sample as a function of the rotating
speed. Results from thermal imaging (camera) and dedicated
NMR experiment (NMR).

Fig. 10 Comparison of shaft and friction power between
experiment and simulation for 1.3mm and 0.7mm case

Table 8 Efficiency factor for MAS 0.7mm (simulation results)

Rotation rate Pshaft Ptotal Efficiency
(kHz) (W) (W) factor

60 0.57 2.32 0.25
80 1.00 4.20 0.24
111 1.76 9.25 0.19
120 1.98 11.31 0.17

Table 9 Efficiency factor for MAS 1.3mm (simulation results)

Rotation rate Pshaft Ptotal Efficiency
(kHz) (W) (W) factor

23 0.65 3.40 0.19
55 4.32 23.68 0.18
67 6.58 44.09 0.15

Fig. 11 Turbine efficiency as a function of the speed—
comparison of the 0.7mm against the 1.3mm system

Fig. 12 Drive pressure as a function of the mass flow for the
media air at room temperature, nitrogen at 105K, and helium at
45K

Fig. 13 Torque of the rotor in speed equilibrium for air, nitro-
gen, and helium
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Considering the Mach number in the region of the nozzle, it can
be seen that for increasing frequency the Mach number stays
below 0.8. In Fig. 16(a) cut through the 1.3mm turbine at nozzle
level is shown for rotation frequency of 67 KHz. In this contour
plot, the nozzle cross section is marked of which an average Mach
number is computed. The right figure shows the Mach number
averaged over this nuzzle region as a function of the rotation fre-
quency for ambient air, cold nitrogen, and cold helium. Inside the
smallest cross section subsonic conditions prevail before the fluid
flow is expanded in the rotor region. It is seen that the Mach num-
ber approaches a maximum of about 0.8. Hence, we conclude
from this that for our nozzle turbine combination a Mach number

limit of about 0.8 is applicable. Therefore, a 1.3mm nitrogen tur-
bine could reach a frequency of about 40 kHz and a helium system
of about 77 kHz (cf. Table 10). It is an important conclusion for
the MAS turbine system design that the rotation frequency is lim-
ited by about 80% of the Mach number. Consequently, high rota-
tion speed can be achieved only by successively decreasing the
rotor diameter, which is very demanding from a fabrication point
of view.

As in Sec. 3.2, we consider the shaft power for ambient air and
helium (45K) case, see Fig. 17. Simulation results are compared
with the friction power deduced from thermal camera images (cf.
Sec. 3.2). According to Petroff’s equation [39], the bearing power
is a quadratic function of the frequency. A quadratic fit of the sim-
ulation values is introduced in the graph. It is clearly seen that the
results for all three cases, i.e., ambient air, low temperature
helium, and nitrogen, follow the quadratic law given by the fitting
curve. We conclude that the turbine power follows the same quad-
ratic role over a wide temperature range of 45K to 293K, employ-
ing different drive media.

3.4 Prototyping and Optimization of the Low-
Temperature Rotor-Stator System. Due to the optimized
design, a low temperature prototype probe was built by Bruker.
This prototype was tested experimentally and the results were
compared with the simulation results (Fig. 18). The focus here is
on the flow-mechanical and thermodynamic behavior.

The prototype was run at a sample temperature of 25–55K. In
typical NMR applications, large radio frequency (RF) fields are
required for the measurement. This leads to high electrical vol-
tages in the probe. Thus, the resistance of helium against electrical
breakthrough (ionization avalanches) was also experimentally
tested at low temperatures. Furthermore, the RF part of the probe
was optimized geometrically to withstand the RF voltage strength,
which has a positive effect on the signal-to-noise ratio.

The probe is used for DNP experiments (see, e.g., Ref. [36]),
which is a special type of NMR experiment. Figure 19 shows the
DNP gain for nitrogen probes (105K) and helium probes (60K)
as a function of the gyrotron collector current, the latter being pro-
portional to the microwave power applied. The helium probe
achieves approximately 50% higher amplification values.

The flow-mechanical comparison between experiment and sim-
ulation shows good agreement for all three media air, nitrogen,
and helium at low temperature. The experiments with helium at
low temperature were carried out on a 3.2mm MAS system and
then scaled to the 1.3mm system for comparability. It can also be
seen here that the scaling methods developed in Sec. 2.5 provide
good accuracy. In this way, knowledge and data from one MAS
system can reliably be mapped to another system, with regard to
geometry and media or temperatures. Figure 18 depicts drive pres-
sure as a function of mass flow for the following simulation cases:
1.3mm turbine system driven with cold helium, cold nitrogen,
and ambient air. These simulations are compared with experimen-
tal results from 1.3mm turbine systems also driven by cold nitro-
gen and ambient air, as well as results of a 3.2mm turbine system
driven by cold helium. The presented scaling approach allows for
comparison of the 3.2mm hardware system with simulations of a
1.3mm case. Since the fabrication of an NMR probe head is rather
costly, it is very helpful if existing measurement results and simu-
lation results can be scaled over a larger geometry and tempera-
ture range. The scaling can also be employed to speed up the
development and design phase since it enables the reuse of exist-
ing results. Moreover, the scaling approach can be employed to a
wider class of microturbine systems that operate over a large tem-
perature range employing different working media.

4 Conclusion

In this work, the flow dynamics of a high speed microturbine
system are investigated numerically utilizing CFD simulations
with the open source tool OpenFOAM for a wide temperature

Fig. 15 Efficiency of helium and nitrogen scaled to ambient air
case (i.e., f � a; g � j21)

Table 10 Mach similarity for same geometry, varying tempera-
ture and gas

Gas Air Nitrogen Helium

Temperature T (K) 293 105 45
Sound velocity a (m/s) 342.6 211.1 395.1
Max. rotation rate f (kHz) 67.1 41.4 77.4
Specific gas constant R (J/(kg�K)) 287.1 296.84 2077.1
Isentropic exponent j 1.395 1.43 1.67
Real gas coefficient Z 1 0.9 1

The max. rotation rate is referred to as 80% of the respective speed of
sound.

Fig. 14 Efficiency as a function of speed for air, nitrogen, and
helium
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range of 45K to 293K. Three different media are investigated:
air, nitrogen, and helium. CFD results are presented and compared
with measurements of the microturbine for a rotor diameter of
1.3mm and 0.7mm.

A blade turbine is driven by compressed air, nitrogen, or helium
at which the gas is jetted out through duct nozzles positioned on
an intake spiral. Rotation frequencies of 20 kHz up to 120 kHz are
considered. The microturbine system is investigated by analyzing
the influence of rotational frequency and geometrical parameters
on the aerodynamic forces and torque and the turbine efficiency.

To our knowledge, the first comprehensive microturbine studies
for such a large temperature range, i.e., ultralow temperature of
45K up to ambient temperature, is presented. It is shown that liq-
uid helium driven microturbines at 45K behave very similar to air
driven microturbines at ambient temperature. Typically drive
pressure and flow rates show the same relation for low tempera-
ture helium and ambient air. This is confirmed by experimental
and simulation results. On the other hand, nitrogen at 105K has a
threefold higher density and much lower viscosity than air at
room temperature. Both factors lead to a lower mass flow to be
applied for the same rotation speed of the turbine. It is shown that
the maximum local Mach number in the nozzles is about 0.8. This
results in a lower maximal rotation speed of the low temperature
nitrogen system, due to the lower speed of sound of nitrogen at
105K. Moreover the efficiency of the nitrogen system is lower
than for the helium and the ambient air systems.

All simulations are performed with laminar solvers due to ear-
lier investigations on similar MAS turbine configurations that
showed very small influences of the turbulence models. We used
ideal gas models for ambient air and ultralow temperature helium.
Nitrogen (at 105K) is modeled employing a Peng–Robinson
model to cope with real gas effects.

Fig. 17 Comparison of the shaft power and friction power
between experiment and simulation for 1.3mm case and differ-
ent temperatures

Fig. 18 Drive pressure as a function of mass flow, MAS
1.3mm, air at 293K, nitrogen at 105K, He at 45K—comparison
experiment and simulation. Experiment with He at 45K on MAS
3.2mm scaled to MAS 1.3mm.

Fig. 19 NMR DNP experiment: DNP amplification at HeMAS at
60K compared to 105K N2

Fig. 16 Left: red bar marks nozzle region, where the Mach number is evaluated, a figure of 1.3mm turbine, ambient
air at f 5 67kHz. Right: average of Mach number in the nozzle region (as marked left) for different media as a func-
tion of the rotation frequency.
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As regards the efficiency of our microturbines, all of them are
designed with the goal to reach maximum rotation speed. Effi-
ciency is a parameter, although important, which however is sub-
ordinated relative to turbine speed. Going from a larger rotor
diameter, e.g., 1.3mm, to a smaller one, e.g., 0.7mm, or changing
temperatures over a wide range, or using different fluids to operate
the MAS system (nitrogen, air, helium) requires several design
conditions to be satisfied: (i) limiting the centrifugal forces on the
rotor wall materials proportional to the rotor radius and the square
of the angular velocity, (ii) making sure that the fluid dynamics of
the turbine for various gases and at various temperatures works
properly—the topic of this paper, (iii) adapting the numbers of
turbine nozzles (number and diameter), and (iv) optimizing the
shape and the number of turbine blades. The relevance of our
study and its results as presented in this paper lies in providing a
framework resulting in the fluid dynamics insofar that the similar-
ity relations (Tables 3–6) can be verified and gas pressures and
mass flow rates, in particular for the 0.7mm system, lie in a tech-
nically and practically feasible range. With that fluid dynamics
framework in place, we can focus on design parameters like the
turbine geometry.

In this work, prototype systems have been fabricated and tested
for all investigated configurations, i.e., ultralow temperature
helium turbine, low temperature nitrogen turbine, and ambient air
temperature systems for different diameters. The experimental
results are in good agreement with simulations. Furthermore, low
temperature prototypes are tested for their main applications of
DNP experiments.
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