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Abstract
In this study, the validation and analysis of steady state numerical simulations of the gas
flows within a multi-purpose ion source (MPIS) are presented. The experimental results were
obtained with particle image velocimetry (PIV) measurements in a non-scaled MPIS. Two-
dimensional time-averaged velocity and turbulent kinetic energy distributions are presented
for two dry gas volume flow rates. The numerical results of the validation simulations are in
very good agreement with the experimental data. All significant flow features have been
correctly predicted within the accuracy of the experiments. For technical reasons, the
experiments were conducted at room temperature. Thus, numerical simulations of ionization
conditions at two operating points of the MPIS are also presented. It is clearly shown that
the dry gas volume flow rate has the most significant impact on the overall flow pattern
within the APLI source; far less critical is the (larger) nebulization gas flow. In addition to the
approximate solution of Reynolds-Averaged Navier-Stokes equations, a transport equation
for the relative analyte concentration has been solved. The results yield information on the
three-dimensional analyte distribution within the source. It becomes evident that for ion
transport into the MS ion transfer capillary, electromagnetic forces are at least as important
as fluid dynamic forces. However, only the fluid dynamics determines the three-dimensional
distribution of analyte gas. Thus, local flow phenomena in close proximity to the spray shield
are strongly impacting on the ionization efficiency.
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in direction of x, y, and z, respectively; x, y, z, Cartesian coordinates; y+, dimensionless wall
scale; Subscripts: I, ionization; V, validation; x, y, z, vector component in direction of x, y, and z,
respectively; Superscripts: ', fluctuation; ‾, time-averaged; Greek symbols: μ, dynamic viscosity;
φ, concentration of analyte per unit mass; ρ, density

Introduction

The introduction of ionization methods operating at
atmospheric pressure (AP), such as atmospheric pres-

sure chemical ionization (APCI) [1] and electrospray
ionization (ESI) [2], has dramatically changed the applica-
tion of mass spectrometry (MS) as analytical method. For
example, hyphenation of MS with liquid chromatography
(LC) became rather simple [3, 4]. Moreover, in the early
days of AP ionization and sometimes even today, laboratory
or ambient air was used as the bulk gas in the source region
[5, 6]. This has tremendously simplified the operation of
mass spectrometers as analytical tools; the days of “baking
out an electron ion source overnight” seem to be in the past.
On the other hand, atmospheric pressure ionization (API)
has introduced a hitherto more or less unknown phenom-
enon in routine mass spectrometric analysis: considerable
day-to-day variations of the instrument performance. In
other words: lack of analytical stability. This is not observed
on the same scale for all API methods, some, e.g., APCI,
seem to be rather prone to unexpected performance fluctua-
tions, others are relatively stable. There are myriads of
parameters that may severely impact on the performance of
any API method; the ion population reaching the detector
(and thus the corresponding recorded mass spectrum) has
been subject to numerous deeply folded processes following
initial ion generation. These processes are physical (non-
reactive collisions or fluid dynamical forces, temperature
changes, pressure changes, electrodynamic forces) as well as
chemical (reactive collisions) in nature. The latter are usually
summarized as “ionization mechanism” and are not subject
to this work. Physical processes in API are essentially
controllable. However, the introduction of pneumatically
assisted vaporization (“nebulization”) [7] and dry or curtain
gas flows [8], as well as further auxiliary gas flows heated to
different temperatures has lead to a complexity in the
physical processes that “trial and error” has become the
routine approach when optimizing the performance of API
MS methods.

Along this line, even the design and development of API
sources seems to have lost some of the deterministic
approaches used before in vacuum (i.e., in essentially
collision-free) environments. This seems to be a conse-
quence of the apparent failure of particle tracing software
when the motion of ions is electrodynamically driven within
viscous flows. Owing to the large number of collisions, fluid
dynamical forces may have even larger impact of an ion
trajectory than high electrical field strengths. At atmospheric

pressure, each molecule or ion undergoes 109 collisions per
second [9]. Thus, a directed gas flow may completely
reverse the ion motion in an electrical field. This is very well
known; ion mobility spectrometry builds on these properties
[10]. However, ion trajectory simulation at AP within
viscous flows, i.e., within modern API sources, has become
a challenging task.

The more recent versions of the widely applied particle
tracing software package SIMION [11] offers a user
program interface, which allows the direct interaction with
the simulation algorithm. In 2005 Dahl et al. [12] introduced
an extension to SIMION based on this user program
interface, which implements high pressure ion motion
simulation in terms of a statistical diffusion simulation
(SDS) algorithm. It became thus possible to run trajectory
calculations at ambient pressure. Even further, with proper
input parameters, i.e., bulk gas velocity vector fields, even
simulations within viscous flow became feasible. Very
recently, we have investigated the validity of the SDS
approach [13]. It was shown that SIMION with SDS and
proper fluid dynamical input data reliably models experimental
results obtained in a rather simple set-up. It thus appears
feasible that ion trajectories within significantly more
complex geometries and gas flows, such as prevailing in a
multi-purpose ion source (MPIS) [14], may eventually be
modeled.

In this paper, we report on the successful modeling of the
fluid dynamical properties of an MPIS operated with typical
API source settings for LC MS applications (cf. Figure 1).
Most importantly, the modeling results are fully validated
experimentally. In the near future, these data sets will be
used to correctly simulate distributions of ion acceptance
(DIA) [15–17], which, in our opinion, would represent a
milestone in research towards deterministic AP ion source
development.

Experimental Setup
Particle image velocimetry (PIV) measurements were con-
ducted in order to obtain experimental validation data for the
simulation runs. PIV is a laser-optical measurement techni-
que which allows gathering 2D velocity flow field data.
Seeding oil drops are injected into the flow and illuminated
by a laser light sheet in the measurement area. A fast CCD-
camera takes two pictures in rapid succession (ns to μs
scale) from whom the flow field is calculated. Details are
found in [18, 19].
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PIV System

A 2D PIV (LaVision, Goettingen, Germany) measurement
system was used. A frequency doubled 120 mJ YAG double
pulse laser (ESI, Portland, OR, USA) provided a 532 nm
green laser beam. A laser beam delivery stage was used to
direct the light to the light sheet optics. This optics was able
to generate a light sheet of 1 mm thickness with a focal
length of 30–200 mm. The seeding generator (Topas,
Dresden, Germany) provided a particle concentration greater
than 108 particles/cm3. The oil DEHS [di(2-ethylhexyl)
sebacate] was used as seeding medium. The CCD camera
(LaVision) used dual-frame technology for 12 bit digital
cross correlation [18] and minimum time between 2 frames
of 200 ns. The resolution was 1376×1040 pixels at a pixel
size of 6.45 μm.

Figure 1S in the Supplementary Information shows a
photograph of the mass spectrometer inlet stage comprised
of the MPIS, the desolvation unit, and a high vacuum
chamber. This system mimics the analyzer inlet stage of the
Bruker micrOTOF mass spectrometer series. The ionization
chamber with the access for the analyte inflow via pneumati-
cally assisted nebulization is seen in the center. The light
sheet optics and the PIV camera were positioned in a 90°
angle to the chamber center axis. The optics generated a
light sheet of 1 mm thickness with the focus in the
measurement plane in front of the spray shield. The light
sheet entered the chamber through a glass window. A black
paper cylinder between the light sheet optics and the
window was used for laser stray light protection.

The optical access for the camera was a glass window at
the side of the chamber. The chamber was blackened to
avoid laser reflections, which would disturb the particle
image capture. For calibration, a plate with a defined pattern
was mounted into the measurement plane. The calibration

function and scaling factors were calculated by the system
software.

Operating Point Adjustment

The operating point settings were adjusted according to
Table 1. Pressurized air was mixed with the seeding flow in
order to get a particle concentration for adequate measure-
ment conditions. This mixture supplied the two air flows
analyte (AN) and dry gas (DG), which were set by valves
and measured by two calibrated volume flow meters (MCC,
Dortmund, Germany). Pressure and temperature were measured
for calculation of the corresponding mass flows.

Measurement Accuracy

The criteria for an accurate PIV measurement were set
according to 0 [18] and [19]. Hence, the temporal separation
of the two camera images was adjusted so that the particle
spots move 6–10 pixels on the camera chip. The camera
objective was adjusted to ensure that the particle image
diameter captured 2–3 pixels.

According to 0 [19], sub-pixel accuracy was thus
achieved. Further, the light sheet was four times as thick as
the average relative particle travel path perpendicular to it.
The interrogation window for the vector calculation, as
defined by [18], was at least four times as large as the
particle movement. As a result, the relative measurement
accuracy of the PIV system was calculated to ±2%. The
volume flow meters had an accuracy of ±2.5%. The
pressures were measured within ±0.5% and the temperatures
within ±1 K. Taking all errors into account, the estimated
absolute accuracy of the results is within ±5%.

Numerical Setup
The numerical flow simulations have been conducted with
the software package CFX 12.1. (Ansys, Canonsburg, PA,
USA). The set of equations solved by the simulation
software are the discretized Navier-Stokes equations in their

Table 1. Boundary conditions for validation operating points

OPV1 OPV2

Inflow analyte:
Mass flow [g s–1] 0.04 0.04
Total temperature [C] 20 20
Turbulence intensity [%] 1 1
Analyte concentration [−] 1 1
Inflow dry gas:
Mass flow [mg s–1] 4.7 5.7
Total temperature [C] 20 20
Turbulence intensity [%] 5 5
Analyte concentration [−] 0 0
Outflow MS:
Static pressure [Pa] 93030 93030
Outflow atmosphere:
Static pressure [Pa] 105 105

Figure 1. Cutaway view of the MPIS source. The coordinate
system as defined on the bottom right is used throughout
this paper
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conservation form [20, 21], which describe the processes of
momentum, heat, and mass transfer. The iterative solution of
these partial differential equations is conducted for each
finite volume of a three-dimensional mesh. The entire mesh
represents the flow domain of the simulation [20].

In the following sections, the features of the spatial
discretization and the settings for the solver are described.

Spatial Discretization

A fundamental part of flow simulations is the discretization
for the flow domain in a set of finite volumes, i.e., the
numerical mesh. For each of these volumes, the conservation
equations are solved.

The numerical mesh has been generated using ICEM
CFD 11.0 (Ansys, Canonsburg, Pennsylvania, USA). It
consists of about 9.9 ∙ 106 tetrahedron and about 0.6 ∙ 106

prism elements respectively, which represents a rather
detailed spatial resolution of the flow field. The boundaries
of the computational mesh are depicted in Figure 1.

An example of the discretization is given in Figure 2,
which shows the finite volumes of a iso-y (cf. Figure 1) cut
through the numerical mesh near the inflow of the capillary.

The usage of 15 layers of prism elements near the walls
ensures a sufficiently high resolution of the flow gradients in
the boundary layers. This also results in a dimensionless
wall scale y + of lower than 2, which is important for an
adequate turbulence modeling near the walls [21]. Due to the
higher numerical effort caused by prism layers [20, 21], only
walls with a significant impact on the flow field are covered
in by this approach.

The pressure in the chamber at the downstream end of the
capillary of 3 mbar results in an overcritical pressure ratio
over the entire capillary. Therefore, at the exit of the
capillary, where the velocity reaches its maximum value
due to the increased boundary layers, the local Mach number
becomes 1. Since the flow state at this point is known and

the pressure loss in the capillary can be well estimated, it is
possible to determine the aerodynamic state in the upstream
entry region of the capillary. Therefore, it is not necessary to
extend the mesh throughout the entire capillary (cf. Figure 1)
because the outlet boundary conditions can be specified for
every cross section of the capillary.

Solver Settings

The numerical solution of the Navier-Stokes equations
requires initial and boundary values and some specifications
for the solver. Since the software evaluates an initial
solution of the flow field, only the boundary conditions
and the solver specifications are described in this
section.

In addition to the Navier-Stokes equations the equation
of state and the turbulence model have to be specified.
Since the static pressure is approximately 105 Pa, the ideal
gas equation with the properties of air is chosen to
determine the fluid state. For turbulence modeling the
Shear-Stress-Transport model [22], which provides accu-
rate results in the boundary layer as well as in the free
stream, is used to simulate the impact of turbulence on the
mean flow.

In order to differentiate the analyte and the dry gas
flow, an additional scalar variable has been defined,
which is considered as a mass concentration of analyte
gas. The three-dimensional distribution of the additional
variable is solved via an additional transport equation
(Equation 1):

@ �’ð Þ
@ t

þr� �U ’ð Þ ¼ r� �Dr’ð Þ þ S ð1Þ

(Note: All variables and terms used in this paper are listed
in the Abbreviations section). Since only steady state
simulations are considered and no sources of analyte exist,
the first and the last term of the equation become zero. The
molecular diffusivity D is set to 7 ∙ 106 m2s–1 and the
density and the velocity vector are results of the solution of
the Navier-Stokes equations.

An overview of the boundary conditions for the vali-
dation simulations is given in Table 1, while the values for
the ionization operating conditions are given in Table 2. In
all cases all walls are considered to be isothermal at
348.15 K. The total temperature is the sum of the (static)
temperature and a dynamic part, which can be defined as
mass-specific kinetic energy of the flow divided by the heat
capacity at constant pressure. Due to the low flow velocities, the
total temperature equals approximately the static temperature.
The analyte inflow Reynolds Number of approximately 430
indicates a laminar flow state. Therefore, the analyte inlet
volume flow has been specified in terms of a quadratic velocity
profile and the turbulence intensity has been estimated to
be 1%.

tetrahedron 

capillary 

spray shield 

capillary head 

prism 

Figure 2. Numerical mesh near capillary inflow
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Validation of the Flow Simulations
Numerical solutions of fluid flow are naturally only
approximations of the real flow. Several kinds of errors
are included in numerical flow approximations (modeling
errors, discretization errors, and iteration errors) [20, 21,
23]. In the literature, several approaches have been
presented to evaluated discretization and iteration errors
[20, 23]. However, evaluating the modeling error is not
possible at acceptable costs if no analytical solution
exists, which is always the case for complex flows.
Therefore, experimental data are required to validate the
numerical model. In the following sections, the comparison
of experimental and numerical velocity and turbulence
data will be presented. The consideration focuses on the
flow field in close proximity of the spray shield, where
the analyte gas jet and the dry gas jet interact (cf.
Figure 1).

Two-Dimensional Turbulence

Turbulence can be considered as a fluctuation of a flow
quantity around a mean value. The local flow velocity can
therefore be written as the sum of mean and fluctuation
value (Equation 2):

U ¼ U þ U 0 ð2Þ

The mass-specific kinetic energy of the turbulence is then
defined as (Equation 3)

TKE ¼ 1

2
ðu02 þ v02 þ w02Þ ð3Þ

Due to the measurement technique only two dimensions
of the turbulence have been resolved. The numerical
solutions have been conducted with an isotropic turbulence
model, therefore the two-dimensional turbulent kinetic

energy is 2/3 of the corresponding value of a three-dimen-
sional turbulence.

In order to evaluate the validity of the assumption of
isotropic turbulence, Figure 3 shows the turbulence
components in the two Cartesian directions for OPV1.
The main part of the turbulence is produced by turbulent
fluctuations in x-direction at the edge of the analyte gas
jet, which is due to the strong impact of the intensive
shear stresses on turbulence generation. In stream-wise
(z-) direction the normal stresses increase because of the
decelerating jet, which stimulates the turbulence in z-
direction. However, the anisotropy of the turbulence
locally achieves a factor of 3 in different directions and
thus the isotropic turbulence model could overpredict the
impact of the normal stresses.

Figure 3. Turbulent velocity components for the x- (top) and
z-direction (bottom). Cf. Figure 1 for the orientation of the
coordinate system

Table 2. Boundary conditions for ionization operating points

OPI1 OPI2

Inflow analyte:
Mass flow [g s–1] 0.0237 0.0237
Total temperature [C] 183 183
Turbulence intensity [%] 1 1
Analyte concentration [−] 1 1
Inflow dry gas:
Mass flow [mg s–1] 3.337 5.269
Total temperature [C] 131 131
Turbulence intensity [%] 5 5
Analyte concentration [−] 0 0
Outflow MS:
Static pressure [Pa] 93030 93030
Outflow Atmosphere:
Static pressure [Pa] 105 105
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In Figure 2S in the Supplementary Information the
turbulent kinetic energy distribution is presented for both
operating points. Operating at OPV1 the overall turbulent
kinetic energy is very low. An increase of TKE can be
detected in the region where both components of turbulent
fluctuations are of a significant magnitude. In the numerical
results an additional spot of higher TKE at (x;z) =
−0.087;0.007 occurs. This turbulent spot is also present in
both numerical and experimental results for OPV2, but is
more intensive in the numerical result. This turbulent spot is

produced by a vortex, which will be discussed in the
following section.

Mean Flow Field

Contour plots and streamlines of the velocity are presented
in Figure 4. In terms of the overall velocity vector field,
numerical and experimental results are in very good agree-
ment at both operating points. However, there are some

Figure 4. Comparison of experimental (left) and numerical (right) results of the velocity field at OPV1 (top) and OPV2 (bottom).
Cf. Figure 1 for the orientation of the coordinate system
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subtle differences in the flow field, which are discussed in
the following sections.

Considering the analyte gas jet, the main difference is
found in the width of the jet. The analyte jet is significantly
wider in the numerical results. The discretization error
resulting from a coarse grid in this region elevates an
artificial (numerical) diffusion. The strong gradients at the
edge of the jet cannot be resolved by the large finite volumes
in this region, which then leads to a numerical diffusion.

Another feature of the flow pattern is the deflection of the
analyte gas jet in OPV2. It is present in both the numerical
and the experimental results and the agreement is good.

At both operating points, the flow angle of the dry gas jet
differs, which is due to a different mass flow distribution in
the dry gas connector. The reasons for the non-uniform flow
in the dry gas connector are as follows. A lower back-
pressure at the numerical capillary outflow in the CFD
simulations could improve the conformity to the experimen-
tal results concerning the velocity level and the flow angle of
the jet.

In the interaction zone of the two jets a vortex is
generated in the numerical results for both operating points.
This is a well known effect, which, e.g., can be observed at
smoke ring generators. The torus shape of the vortex ring is
broken into a horseshoe shape by the analyte gas jet.
Therefore, the second vortex core is not present at the
bottom of the dry gas jet.

The experimental results show two vortices in the
same region. Due to the fact that in the experimental
results there also is only one turbulent spot in OPV2, and
there is no physical reason for the existence of two
vortices, it is assumed that the second vortex is a
misinterpretation of the PIV postprocessor. It is possible,
that the vortex core position is changing in time.

Therefore, time-averaged post-processing could lead to a
depiction of two vortices.

Conclusions of the Validation

Keeping in mind that the interaction of two jets is a very
complex flow situation the agreement between numerical
and experimental results is very good. All significant flow
features have been resolved accurately. A reduction of the
remaining differences between the numerical and the
experimental results could be achieved by usage of a more
accurate turbulence model, e.g., a Reynolds stress model
[24] to resolve the anisotropy of the turbulence, a more
detailed discretization, time-resolved simulations, and an
adaptation of the back-pressure capillary outflow, since it
based on estimations of pressure losses occurring in the
capillary.

However, particularly the first three approaches would
increase the numerical effort significantly. Since the numerical
results are alreadymostly within the experimental accuracy, the
numerical setup is thus considered to be valid.

Results and Discussion
Numerical results for operating conditions of a multi-
purpose ion source (MPIS) are presented in this section.
As has been mentioned previously, two operating points
were simulated, which differ in the dry gas volume flow.

Overall Flow Pattern

The overall analyte gas distribution for both operating points
is presented in Figure 5 in terms of a mid surface contour
plot of analyte concentration and surface stream lines.

Figure 5. Relative analyte distribution in the MPIS source at OPI1 (left) and OPI2 (right). Note the dramatic change of the
distribution in close proximity to the spray shield
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Operating at OPI1 the analyte gas jet dominates the flow
pattern. The flow direction of the jet is nearly undisturbed
and impinges on the opposite wall of the MPIS. The
deflection at this wall leads to a large vortex on the left
side of the jet, while on the right side the fluid directly flows
towards the atmospheric outlet.

Therefore, already at operating point conditions with low
dry gas mass flow, there is no direct flow of analyte gas into
the spray shield. It thus has to be concluded that electro-
magnetic forces have to be at least of the same magnitude as
the fluid dynamic forces in order to facilitate efficient
transport of ions into the mass spectrometer.

The increase of the dry gas mass flow in OPI2 changes the
flow pattern entirely. Under these conditions, the dry gas jet
dominates the flow field. The flow pattern is characterized
by two large vortices with opposite sense of rotation. Again,
the vortices are produced by the impingement of the jet on
the MPIS wall. The vortices support an immediate and
homogeneous distribution of analyte gas. However, the
presence of analyte gas in front of the spray shield is lower
than in case of OPI1.

Jet Interaction

As has been mentioned previously, the flow angle of the dry
gas jet is a result of a non-uniform mass-flow distribution in
the dry gas connector. Figure 3S in the Supplementary
Information shows schematically a section of the desolvation
unit used for the present experiments and simulations. It is
strongly emphasized that this unit, particularly the connector
region shown, represents an early prototype design. Current
series production units differ considerably from this design
and thus behave differently. Figure 3S shows the distribution
of velocity in x-direction in the channels of the dry gas
connector. Negative values represent flow into the spray
shield, while positive values represent reversed flow. Behind
the inflow of the dry gas, the flow is split into two legs
around the torus. The impingement of these legs at the
bottom of the torus deflects the flow towards the bottom
channel. Since there is no natural deflection in front of the
other channels, the sharp deflection at the inlet of these
channels causes flow separations. This leads to reversed
flow regions, which tighten the effective throat size. The
displacement of the mass flow towards the bottom channel
results in a stronger momentum of the flow in the bottom of
the spray shield, which consequently leads to an inclined jet
through the spray shield, cf. Figure 5.

The inclination of the dry gas jet supports the generation
of the horseshoe-shaped vortex, which was also discernible
in the validation results. Figure 6 shows the three dimen-
sional shape of this vortex in terms of an isosurface of λ2=
−80 s–2. Negative values of λ2 characterize closed vortical
regions with a pressure minimum in the vortex core. Details
of the definition of λ2 are found in [25].

The contour demonstrates the mixing of dry gas and
analyte gas enforced by this vortex. With an initial analyte

concentration of 0 in the torus center, which is coherent with
the core of the dry gas jet, the analyte concentration
increases due to diffusion processes and is transported
towards the spray shield by the vortical motion. Thus, the
vortex considerably changes the concentration of analyte gas
in front of the spray shield. This is the region, though, where
primary ionization often occurs (e.g., APCI, APPI, APLI).

Conclusions
Accurate CFD data sets are required for high-level ion
trajectory calculations at viscous flow conditions. This work
has demonstrated that the presently chosen modeling
approach, including the applied turbulence model, yielded
appropriate CFD data sets that were fully validated exper-
imentally.

The analysis of the three-dimensional flow within a
multi-purpose ion source at two operating points is pre-
sented. The numerical data have been generated by an
iterative solution of the Reynolds-Averaged Navier-Stokes
equations with a commercial software package. The imple-
mentation of an additional transport equation enabled
resolution of the distribution of analyte relative mixing
ratios within the MPIS. The numerical setup has been
validated by particle image velocimetry measurements.

The flow pattern is analyzed with a focus on the flow
features in close proximity of the spray shield. The reasons
for the analyte concentration distribution are demonstrated.
It is also shown that, since no analyte flows directly into the
capillary towards the mass analyzer, electromagnetic forces
have to be at least of the same magnitude as the fluid
dynamic forces in order to enable the transport of ions.

Very recently, Wissdorf et al. [13] have shown that CFD
simulation results of simple flow patterns at essentially
laminar conditions yield accurate, experimentally verified

Figure 6. Horseshoe-shaped vortex in front of the spray
shield
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ion trajectory calculation results using single particle tracings
with the SIMION program package and the statistical diffusion
simulation module installed along with appropriate custom
software. Since the present complex flow simulations were
experimentally verified, it is envisioned that the present results
are valid input parameters for ion trajectory calculations. At
this time, we are using the present data set for ion trajectory
calculations in the MPIS. First results are very promising, since
there exist very detailed experimental data on the distribution
of ion acceptance in anMPIS [15–17] and on spatially resolved
ion arrival times [26]. Given the quality of the results presented
here, it is speculated that DIA data are very useful for a
validation of such calculations. This is currently a work in
progress, and preliminary results were very recently shown
[27]. It thus appears that a new set of simulation tools becomes
available soon, which allows a rather accurate calculation of
ion trajectories at complex viscous flow conditions. A number
of applications comes to mind, particularly the computer aided
design of ion optical elements operating at elevated
pressure (e.g., ion funnels), or AP ion sources (e.g., high-flow
applications), among many others.
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