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Abstract. In this work, the characteristics of gas flow in inlet capillaries are examined.
Such inlet capillaries are widely used as a first flow restriction stage in commercial
atmospheric pressure ionization mass spectrometers. Contrary to the common as-
sumption, we consider the gas flow in typical glass inlet capillaries with 0.5 to 0.6 mm
inner diameters and lengths about 20 cm as transitional or turbulent. The measured
volume flow of the choked turbulent gas stream in such capillaries is 0.8 L·min−1 to
1.6 L·min−1 under typical operation conditions, which is in good agreement to
theoretically calculated values. Likewise, the change of the volume flow in depen-
dence of the pressure difference along the capillary agrees well with a theoretical
model for turbulent conditions as well as with exemplary measurements of the static

pressure inside the capillary channel. However, the results for the volume flow of heated glass and metal inlet
capillaries are neither in agreement with turbulent nor with laminar models. The velocity profile of the neutral gas
in a quartz capillary with an inner diameter similar to commercial inlet capillaries was experimentally determined
with spatially resolved ion transfer timemeasurements. The determined gas velocity profiles do not contradict the
turbulent character of the flow. Finally, inducing disturbances of the gas flow by placing obstacles in the capillary
channel is found to not change the flow characteristics significantly. In combination the findings suggest that
laminar conditions inside inlet capillaries are not a valid primary explanation for the observed high ion transpar-
ency of inlet capillaries under common operation conditions.
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Introduction

Inlet Capillaries in API-MS Systems

In atmospheric pressure ionization mass spectrometry (API-
MS) analyte ions generated in an ion source at atmospheric

pressure have to be efficiently transferred to the high vacuum
region of the mass spectrometer. The initial pressure reduction
on this route into the first vacuum region (around 1 mbar to 10
mbar) of the mass spectrometer is typically done by either one
of two approaches:

Early API-MS systems were equipped with a small orifice
with an inner diameter of approximately 100 μm or less [1, 7]
between the atmospheric pressure ion source and the first
vacuum stage of the instrument. The small diameter of the
gas entrance restricted the gas flow into the mass spectrometer
significantly, which allowed the pumping system to maintain a
comparably low background pressure in the first vacuum stage.

An alternative pressure reduction approach, which is com-
mon in modern commercial instruments, is the use of inlet
capillaries with lengths in the 10 cm to 20 cm range and inner
diameters of around 0.11 mm consisting of glass or metal [7, 31,
42]. Due to the flow characteristics in such inlet capillaries, the
gas pressure of the bulk gas typically drops to a few hundred
mbar along the capillary. This leads to an acceleration of the
gas flow in the capillary to trans-sonic conditions [32] followed
by an expansion from the capillary end into the first vacuum
stage [21]. The primary advantage of inlet capillaries consisting
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of electrically non conductive material is the option to have a
large potential difference across the capillary main axis. Due to
the strong viscous drag forces generated by the gas flow, it is
possible to transport ions against a potential difference in the
10 kV region [31, 42].

Typically, the transmission efficiency of ions through glass
and steel capillaries is in the low percent range but may reach
30% [6, 19, 31]. This considerably high ion transmission is
usually explained by the presence of laminar flow inside the
capillary duct, which is, therefore, assumed as essential to be
maintained. In contrast, the analysis of pipe flow models,
which are presented in the following, suggest that the flow
through commercially used inlet capillaries is not necessarily
laminar under typical conditions. In fact, the flow models
suggest at least transitional flow conditions for some common
inlet capillaries. In addition, our experimental findings show
that in selected inlet capillaries, even substantial modifications
of the capillary channel, including the disturbance of the gas
flow by obstacles, had no significant effect on the gas through-
put and ion transmission efficiency.

We present our experimental findings regarding the nature
of the gas flow through typical inlet capillaries of commercial
API-MS instruments and compare the results with results from
theoretical pipe flow models taken from the literature.

Gas Flows Through Pipes

Inlet capillaries are essentially pipes with an inner diam-
eter in the sub-millimeter range. In the field of fluid
dynamics, pipe flow is a classical problem which has
been thoroughly investigated since the early stages of
research in this area [20, 34, 38].

The gas flow through inlet capillaries is generally of a
compressible nature due to the large pressure difference
between capillary entrance and exit. It is further consid-
ered non adiabatic due to significant heat exchange with
the pipe walls and is obviously of a viscous nature
which means that friction on the pipe walls has to be
taken into account. Nearly isothermal conditions are
present because the inlet capillary is not thermally iso-
lated and, in many cases, heated externally. Therefore,
any cooling of the gas due to expansion is compensated
by heat exchange with the environment.

The pressure loss of the gas flow along the pipe is
coupled with an acceleration of the flow (Bernoulli’s
effect). If the pressure difference along the capillary
exceeds a critical ratio, the accelerating flow in the
capillary reaches the local speed of sound (the Mach
number reaches unity, Ma = 1) and, therefore, becomes
transsonic [8]. Since the flow does not transcend to
supersonic conditions in the capillary, the absolute gas
mass flow through the capillary is governed by the
(limited) maximum flow velocity [36]. In this state,
which is referred to as choked flow, the flow through
the capillary becomes independent from the background
pressure at the capillary exit [22, 32, 37].

The emergence of turbulence in pipe flows and the transi-
tion from laminar to turbulent conditions in pipes is of partic-
ular interest in the literature. Its investigation has a long history
[15, 35] but is still an ongoing topic in more recent research [2,
10, 16–18]. Since the turbulence state of the inlet capillary flow
is a primary topic of this publication, a brief introduction into
turbulence conditions of pipe flows is summarized in the
following.

Turbulence Conditions At laminar flow conditions, the flow
has no significant velocity components perpendicular to
the flow axis, and random disturbances in the flow
dissipate quickly due to the viscosity of the flowing
fluid. Due to the friction on the capillary walls, a para-
bolic velocity profile results [20].

Under turbulent conditions, the flow has significant chaotic
fluctuations which lead to considerable random velocity com-
ponents perpendicular to the main flow axis. Chaotic vortices
with a wide spectrum of sizes are transported with the flow and
interact with each other [10, 17, 20]. This random motion also
leads to a considerably increased diffusion of heat and dis-
persed substances in the bulk gas flow [3, 40]. The pressure
loss over the capillary due to Bernoulli’s effect is also present in
a turbulent flow, but the observed pressure profile differs from
the laminar case. Turbulent gas flows have high transverse
momentum components, which result in a final velocity profile
over the pipe cross-section which is not parabolic and signifi-
cantly "flatter" than in the laminar case.

A common quantity which allows the estimation of the flow
state (turbulent, transitional, laminar) is the Reynolds number
(Re) [2, 17, 20, 35]. This dimensionless parameter is given by:

Re ¼ u⋅d⋅ρ
η

ð1Þ

Re Reynolds number
ū mean flow velocity
d diameter of the pipe
ρ density of the fluid
η dynamic viscosity of the fluid

Generally, gas flow through a smooth pipe is consid-
ered laminar for Re <2000 and turbulent for Re >4000.
In the transition region, the flow is generally considered
unstable and assumed to potentially shift rapidly to a
turbulent state [20, 43]. The dynamics of turbulent tran-
sitions and the associated critical Re values for sustained
turbulence in pipe flows are active fields of research.
Eckhard et al. state that the critical point is very likely
to be below 2250 while experimental evidence suggests
an even lower value [17]. A more recent thorough study
by Avila et al. reports a Re value of about 2040 as a
critical value for sustained turbulence [2].
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Theoretical Pipe FlowModels There are numerousmodels in
the literature for the description of pipe flow with different
assumptions and boundary conditions. In the following, pipe
flow models are introduced which are used for comparison
with our experimental results.

Volume Flow Models The total gas flow through an inlet
capillary is measured with comparably small effort. Thus,
models of pipe flow in dependence of external parameters as
pressure difference and geometry of the capillary are readily
verified with experimental results.

Wutz et al. present equations to calculate the adia-
batic compressible volume flow through a long smooth
pipe between large gas reservoirs held at given pres-
sures [44]. For laminar conditions, the volume flow
Qlaminar is calculated as:

Qlaminar ¼
π

128η
⋅
d4

l
⋅
p20−p21
2

⋅
1

p0
ð2Þ

d inner diameter of the pipe
l pipe length p0 pressure at the pipe entrance
p1 background pressure in the downstream recipient

If the flowing fluid is air at a temperature of 20 °C, this
simplifies to:

Qlaminar ¼ 135⋅
d4

l
⋅
p20−p21
2

⋅
1

p0
ð3Þ

The turbulent volume flow Qturbulent is given by [43]:

Qturbulent ¼ d 0:39π2⋅
d3 p20 − p21
� �
2l

 !4
7

⋅
R

Mmolar⋅T 0

� �3
7

⋅
4

π⋅η

� �1
7

⋅
1

p0

ð4Þ
with the additional quantities:
R universal gas constant
Mmolar molar mass of the fluid particles
T0 rest temperature of the inflowing gas

Similarly to the laminar case, this equation is simplified
considerably if air at 20 °C is assumed as a flowing fluid:

Qturbulent ¼ 134⋅d⋅
d3

l
⋅
p20−p21
2

� �4
7

⋅
1

p0
ð5Þ

The term Bsmooth^ in this context stipulates that the wall
roughness is below 1% of the pipe diameter, while "long" is
also defined byWutz et al.: For turbulent conditions, the model
is valid for a length (l) to diameter (d) ratio of l

d > 50. Both
requirements are met by glass or drawn metal inlet capillaries.

For the laminar model, the requirements for a pipe to be
considered "long" differ:

l

Qlaminar
> 1:5 ð6Þ

This laminar length condition is not fulfilled for some of the
inlet capillaries we have investigated; the model authors state
that the gas flows will decrease in comparison to the predic-
tions made by Equation 2.

The models by Wutz et al. assume a given turbulence state,
either laminar or turbulent, over the whole pressure regime,
which represent two limiting cases. A real pipe flow begins in a
laminar state with small pressure differences and undercritical
extitRe values. With increasing pressure difference, and, there-
fore, gas velocity, the flow transitions to a turbulent state and,
thus, eventually to the volume flow rates as described by the
turbulent model.

It should be noted that both models assume adiabatic gas
expansion in the capillary. As mentioned earlier, our exper-
imental results show that the flow through the inlet capil-
laries is, in fact, not adiabatic but nearly isothermal. Fortu-
nately, it was found that in situations where an isothermal
flow solution is more appropriate, adiabatic and isothermal
solutions converge [32]. Thus, adiabatic models can be used
for the description of the flow in inlet capillaries without
significant loss of accuracy.

Livesay provides a more sophisticated volume flow
model valid for a wide pressure range, which considers
also the transition from laminar to turbulent conditions
[32]. Since this model is comparably complex and re-
quires the iterative numerical solution of a set of analyt-
ically not readily solvable equations, we do not present
this model in detail and refer to the original literature
[32]. The Livesay model was implemented as a computer
program and is used for comparisons with experimental
data. It is noted that this model introduces an alternative
definition of the Reynolds number:

Re ¼ 4MmolarQ

RT 0Bη
ð7Þ

with the additional quantities:
B perimeter of the capillary channel
Q gas throughput

Figure 1 depicts the theoretical volume flow for turbulent
and laminar conditions in dependence on the capillary exit
background pressure while the entrance pressure is held con-
stant. All three models clearly show the effects of choking: with
increasing pressure difference (low background pressure at the
capillary exit), the increase of the volume flow levels off. If the
pressure gradient exceeds a critical ratio (e.g. p1

p0
≈0:5 in the

turbulent case), the flow becomes almost independent of the
pressure difference. The Livesay model, despite its different
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modeling approach, converges very well with the laminar
Wutz/Adam model for low volume flow rates, while it con-
verges with the turbulent Wutz/Adam model for high-volume
flow rates. The change from transitional conditions to fully
turbulent choked conditions is observed as a discontinuity in
the Livesay model for a capillary diameter of 0.6 mm (cf. right
panel in Figure 1).

The turbulent Wutz/Adam model and the Livesay
model are directly dependent on the temperature of the
in-flowing gas. All three models are also indirectly tem-
perature dependent due to the temperature dependence of
the gas viscosity, which is commonly modeled by
Sutherland’s law [39]:

η ¼ η0
T0 þ C

T þ C

T

T 0

� �3=2

ð8Þ

T0 reference temperature (291.15 K)

η0 reference viscosity at T0 (18.2 μPa·s for air)
C Sutherland’s constant (120 K for air)

Flow Velocity and Pressure Profile Michalke provides a
numerical model of the turbulent compressible gas flow in
pipes including heat exchange at the pipe walls [33]. Themodel
yields the one-dimensional velocity profile, which means that
the values are averaged over the capillary cross-section. For the
turbulent case, corresponding velocities are given by:

c xð Þ
c1

¼ H xð Þ⋅ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

1−p2ð Þ⋅x
l

r ð9Þ

c(x) flow velocity at point x
c1 flow velocity at the entrance of the pipe
H(x) Normalized stagnation enthalpy
P pressure difference entrance/recipient length of the pipe
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Figure 1. Top: Modeled volume flow in dependence on the pressure in the vacuum recipient, calculated with the Wutz/Adam
models (Equations 2 and 5) and the Livesay model for two exemplary inlet capillary geometries. The calculated inlet capillary has a
length of 18 cm and an inner diameter of 0.5 mm (top left panel) or 0.6 mm (top right panel). The inlet pressure is 1000mbar. Bottom:
Modeled velocity and pressure profiles for the turbulent (Michalke) and the laminar model (Venerus). The calculated inlet capillary has
a length of 18 cm and an inner diameter of 0.6 mm. The inlet pressure is 1000 mbar, the exit pressure is 200 mbar which is the
calculated critical pressure (cf. Equation 12)
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In this expression, the enthalpy is given as:

H xð Þ ¼ T þ 1−Tð Þe−x
2 ð10Þ

T Tw
Tk

Tw wall temperature
Tk gas temperature at the inlet

When the gas and wall have the same temperature, the
stagnation enthalpy is zero. The one dimensional pressure
profile for a turbulent flow is described by:

p xð Þ
pk

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− 1−p2ð Þ⋅ x

l

r
ð11Þ

p(x) pressure at point x
pk pressure at the entrance of the pipe

There is no laminar version of the Michalke model, but
Venerus published a numerical perturbation solution for lami-
nar, isothermal compressible pipe flow [41], which yields a
two-dimensional axial symmetric solution of the pressure and
velocity fields in the capillary. This model is, again, rather
complex; thus, the reader is referred to the original publication
[41]. Similar to the Livesay model for the pipe volume flow,
the Venerus model was implemented as a computer program. It
should be noted that in the model by Venerus, the mass flow
rate is an input parameter, which, in turn, has to be calculated
from a different model or determined experimentally. Figure 1
presents the laminar and turbulent flow model in comparison.
The laminar flow rate was calculated using the laminar model
byWutz/Adam (Equation 2), the turbulent case results from the
turbulent Wutz/Adam model (Equation 4)

Assumption of Laminar Conditions in Inlet
Capillaries

A common notion in the mass spectrometry community is that
the flow in inlet capillaries is laminar. This is inferred from the
assumption that ions colliding with the capillary wall are
discharged and thus lost and contradicting the general obser-
vation of high ion transport efficiencies of inlet capillaries [31;
Whitehouse, Personal Communication]. Exemplary calcula-
tions for two commercial inlet capillary geometries (length
18 cm, inner diameters 0.5 mm and 0.6 mm) do not clarify
the situation. If the Reynolds number in the capillary is esti-
mated by calculating the mean density and mean flow velocity
from the laminar and turbulent flow models by Venerus and
Michalke, an ambiguous result emerges as presented in
Table 1. Depending on the chosen flow model and the inner
capillary diameter, the estimated Reynolds number is either in
the fully laminar region, transitional or even in the region
considered as fully turbulent. In the case of the 0.6 mm capil-
lary, both flow models predict transitional or even turbulent
conditions. Thus, the general assumption of laminarity in inlet
capillaries is contradicted by the mentioned models of gas flow
through pipes.

Additionally, there is experimental evidence which
contradicts the assumption of an undisturbed, laminar
flow in inlet capillaries. Recently, ionization and sam-
pling methods have been developed which involve the
modification of inlet capillaries and result in significant
disturbances of the gas flow [12, 13, 23, 27]. A very
likely consequence of such a disturbed flow in an over-
critical, transitional flow regime is the induction of flow
fluctuations which do not disappear below a Re value
larger than approximately 2250 [17], but rather lead to
turbulent flow conditions. However, even in this presum-
ably unfavorable situation, the ion transfer characteristics
of the modified inlet capillaries remained high and, gen-
erally, no significant loss of transmission efficiency was
reported by the developers of those methods. This sup-
ports the notion that ions are efficiently transported even
in turbulent flow through an inlet capillary.

To our knowledge there is currently no investigation on the
gas flow of common inlet capillaries that clearly verifies the
generally assumed laminar flow conditions. In this work, we
present our investigations of the gas flow in inlet capillaries
commonly used in commercial mass spectrometers. The results
obtained, in fact, support the notion of at least transitional if not
turbulent flow conditions for a number of the examined
capillaries.

Experimental
Overview

To investigate the flow conditions, four sets of experiments
were conducted with a selection of glass and metal inlet capil-
laries of different geometrical shape:

1. Volume flow measurements: The volume flow through
inlet capillaries was measured in dependence of the
downstream background pressure, the geometrical
shape of the capillary and the capillary temperature,
respectively.

2. Pressure gradient measurements: The duct of glass inlet
capillaries was partly opened and the static pressure at

Table 1. Flow Parameter Calculation Results for Two Exemplary Inlet Capil-
lary Diameters

0.5 mm 0.6 mm

Michalke model:
Mean turbulent flow velocity ūt (m·s−1) 113.6 129.4
Mean turbulent pressure pt (mbar) 688.5 688.5
turbulent Re 2651 3624
Venerus model:
Mean laminar flow velocity ūl (m·s −1) 117.7 142.7
Mean laminar pressure pl (mbar) 449.7 520.0
laminar Re 1784 3020

The calculated inlet capillaries have a length of 18 cm. The inlet pressure is
1000 mbar; the exit background pressure is 200 mbar
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particular positions along the capillary channel was
measured.

3. Temperature measurements: The outflow temperatures of
gas exiting a heated inlet capillary was measured, which
allowed the investigation of the extent of the heat exchange
of the gas with the capillary walls.

4. Ion transfer times: The transfer times of ions generated
within quartz inlet capillaries by laser photoionization were
measured. This allowed the direct investigation of the gas
velocities in the inlet capillary, utilizing photoions as tracing
particles.

The details of the individual experimental setups and the
used capillaries are described below.

Capillary Types

Experiments were conducted with custom borosilicate glass
and metal capillaries. The glass capillaries had inner diameters
of 0.5 mm or 0.6 mm and lengths in the 10 cm to 22 cm range,
which resemble commercially available inlet capillaries used in
Bruker Daltonics (Bremen, Germany) and Agilent (Santa
Clara, CA, USA) API-MS instruments. The capillaries were
made from bulk stock material, purchased from Hilgenberg
GmbH (Malsfeld, Germany). Approximately 2 cm of each
end of the capillary were electrochemically metalized allowing
application of electrical potentials to these regions (unless
otherwise stated).

Some of the glass capillaries were modified individually for
selected experiments, e.g. by drilling perpendicular channels
through the capillary wall for static pressure measurements.
Those modifications are presented in detail in the sections for
the individual experiments.

Stainless steel capillaries similar to the inlet capillaries used
in Thermo Fisher Scientific instruments (Bremen, Germany)
were obtained from Ziemer Chromatographie (Klaus Ziemer
GmbH, Langerwehe, Germany). These metal capillaries had
inner diameters of 0.2, 0.5 and 0.75mm and lengths of 10 cm to
22 cm, and were left unmodified.

Volume Flow Measurements

The basic experimental setup used for investigations of the
volume flow through inlet capillaries was based on a custom
vacuum recipient equipped with a rotary vane pump (80 m3/h,
Duo 060A, Pfeiffer Vacuum GmbH, Asslar, Germany). The
pumping speed was adjusted with a pressure-regulated butter-
fly valve (MKS 252 exhaust valve controlled by a MKS 252E
exhaust controller, MKS Instruments GmbH, München, Ger-
many) which allowed the automatic stabilization of a selected
background pressure in the recipient. The recipient pressure
was measured with two Baratron absolute pressure transducers
covering the entire pressure range (Barocel 600A–1000 T,
Datametrics/Dresser, Wilmington, MA, USA) and more accu-
rately the 0 mbar to 10 mbar range (122AAX–00010DBS,
MKS Instruments GmbH, München, Germany). This setup

was used to select a regulated background pressure in the range
of 1 mbar to 1000 mbar.

The inlet capillaries were attached to the vacuum recipient
by a custom flange. A laminar flow ion source (LFIS), intro-
duced by Barnes et al. [4, 23, 25], or a custom ionization
chamber were mounted upstream of the inlet capillary. The
volume flow through the inlet capillary was measured by a
drum type gas flow meter (TG05, Ritter Apparatebau GmbH
and Co. KG, Bochum, Germany), which was attached to the
entrance of the capillary. The utilized gas flow meter measures
the absolute gas flow with a rotating cylinder drum which
imposes only a negligible pressure drop in the measurement
instrument (≈0.4 mbar). Alternatively, mass flow controllers of
different ranges (Mass-Flo-Controller; MKS Instruments, An-
dover, MA, USA) were used for flow measurements. Addi-
tionally, these controllers were used to restrict the absolute gas
flow in experiments that required controlled volume flows. The
accuracy of the pressure difference measurement is well below
1%. Due to the fact that the drum gas meter was not used in a
temperature-controlled environment, the accuracy of the flow
measurements is estimated to be around 1% even if the flow
meter has a much better stated accuracy.

Figure 2 is a schematic showing the experimental setup
(including the arrangements for ion transfer time measurement
described in the following).

Temperature Variation

Volume flows were measured under variation of the capillary
temperature. Metal capillaries were directly resistively heated.
The glass capillaries were heated using a tantalum wire coil
covering the entire glass body. The stated temperatures were
the temperatures measured with thermocouples mounted on the
capillary outer wall. It was shown in previous studies that the
gas temperature inside the capillary readily adjusts to the mea-
sured temperature of the outer capillary surface [29].

To further investigate the heat transfer from the capillary
walls into the gas stream, short segments of the capillary were
heated in a similar fashion close to the downstream exit port of
the capillary.

Pressure Measurements in Capillaries

For pressure measurements within the capillary channel, small
holes (diameter approx. 0.1 mm) were drilled into the glass
capillary wall at different axial positions. The local static pres-
sure was measured using a Bourdon tube gauge with the
required pressure range.

Ion Transfer Time Measurement

For ion transfer timemeasurements the glass inlet capillary was
replaced with a silica capillary (Hilgenberg GmbH; Malsfeld,
Germany) of 18 cm length and an inner diameter of 0.4 mm.
Ions were generated by atmospheric pressure laser ionization
(APLI) [5, 9] directly in the capillary duct. A KrF* excimer laser
(248 nm; ATLEX300, ATL Lasertechnik, Wermelskirchen,
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Germany) was used as light source and toluene was used
as an analyte. A constant toluene mixing ratio of 3%V
was obtained by mixing the head space of liquid toluene
held at room temperature with the primary N2 gasstream.
The ion current was measured inside the vacuum recipient
with a Faraday cup, which was connected to an
amperemeter (Keithley Instruments 610C, Cleveland, OH,
USA) [28].

Temporally resolved ion current measurements were per-
formed by connecting the amplifier output of the ampere meter
directly to a digital oscilloscope (TDS 1012, Tektronix Inc.,
Beaverton, OR, USA). The oscilloscope was triggered by the
trigger output reference signal of the ionizing laser. Thus, the
ionizing laser pulse served as starting point for the presented
ion transfer time measurements. Figure 2 depicts the measure-
ment setup schematically.

Chemicals

Nitrogen and synthetic air were purchased from Gase.de,
Sulzbach, Germany, with a stated purity of 99.999%vol. Tol-
uene was obtained from Sigma-Aldrich GmbH (Seelze, Ger-
many) in the highest purity available and was used without
further purification.

Numerical Calculations
Numerical calculations were performed to estimate the loss of
tracer ions in an inlet capillary assuming a laminar gas flow and
complete destruction of ions on the capillary walls. Further, the
heat transfer from the capillary walls into an assumed laminar
gas flow was simulated to investigate whether or not the
experimentally determined temperatures of the gas exiting the
capillary are in accord with the assumption of a laminar gas
flow in the capillary.

The depletion of hypothetical tracer ions and the tempera-
ture distribution in the capillary gas flow was numerically
estimated with Comsol Multiphysics (version 4.4, Comsol

AB, Stockholm, Sweden). A defined velocity distribution de-
rived from the Venerus model for laminar compressible tube
flow [41] was used. It has a parabolic velocity cross-section,
the velocity on the wall is zero (no slip condition) and the
maximum flow velocity is reached on the center axis of
the capillary. The resulting flow field was used for a
convection/diffusion calculation using the "transport of
diluted species" module of Comsol. The diffusion coef-
ficient of the simulated analyte was varied to estimate
the extent of depletion of analyte ions with different
molecular masses. On the inner capillary walls, an ion
concentration of zero was assumed, which corresponds to
an assumed complete destruction of the tracer on the
capillary walls. The tracer molecules were assumed to
be electrically neutral and no electrokinetic migration
was considered in the calculations. This approach esti-
mates a lower limit for diffusional losses on the capillary
walls, since the additional electric force would increase
the radial transport to neutral capillary walls.

The "heat transfer in fluids" module of Comsol was
used to simulate the temperature distribution in the gas
flow as predicted by the laminar flow model. The flow
field of the Venerus model was also used as a base for
this calculation. According to performed experiments, the
capillary wall in a segment of 2 cm length at the end of
the capillary was heated to 353 K while the remaining
capillary and the inflowing gas was assumed to be at
room temperature (298 K). The simulated fluid was
nitrogen in both models. All gas parameters (e.g. heat
capacity, heat conductivity) were taken from the Comsol
material library.

The flow models by Venerus and Livesay were implement-
ed as computer programs in the Python programming lan-
guage, utilizing the numerical and visualization libraries of
NumPy1 and Matplotlib.2

1http://www.numpy.org
2http://matplotlib.org
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Figure 3. Volume flow through selected glass (top and center) andmetal (bottom) inlet capillaries at room and elevated temperature
in comparison to theoretical flowmodels. The inlet pressurewas 1000mbar. The flow regimes aremarked by the background colors.
Blue: laminar (Re<2300), green: transitional (2300<Re<3500), red: turbulent (Re>3500). Re values calculated with Equation 7
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Results
Temperature-Dependent Volume Flow

The gas flow through glass and metal inlet capillaries of dif-
ferent geometries was measured under variation of the capillary
temperature. Figure 3 presents typical results of the volume
flow through glass capillaries in dependence of the background
pressure in the vacuum recipient at room temperature. The
volume flow increases with decreasing background pressure
until the flow in the capillary becomes choked at a pressure
difference of approximately 500 mbar. Here, the volume flow
becomes almost independent from the background pressure.
Typical operational conditions of an inlet capillary in an actual
API instrument would be a pressure difference of at least
900 mbar between the capillary entrance and exit. Thus, the
flow through an inlet capillary attached to an API instrument
under operational conditions is, as is well known, fully choked.

The capillary geometry is necessarily strongly affecting the
volume flow, as with increasing capillary diameter the volume
flow increases rapidly while with increasing length of the
capillary the volume flow decreases. This is demonstrated in
Figure 3: by increasing the inner diameter from 0.5 mm to
0.6 mm and shortening the capillary from 10 cm to 6 cm, the
volume flow doubles. The two exemplary results in Figure 3 at
room temperature also clearly show that in selected inlet cap-
illary configurations, the flow through the capillary is transi-
tional or even turbulent, with the Reynolds numbers well above
3500.

This notion is supported by experiments in which artificial
disturbances of the flow were induced by placing a small
obstacle inside the capillary channel. An overcritical gas flow
would become readily turbulent if it was not already in a
turbulent state. In the experiments, the volume flows that were
measured for overcritically operated capillaries with and with-
out an obstacle were identical, which strongly suggests the
presence of an already turbulent gas flow.

Both the turbulent flow model by Wutz/Adam and the flow
model by Livesay describe the experimentally determined vol-
ume flow at room temperature comparably well. In direct
comparison, the Wutz/Adam model has a larger divergence
from the experimental values than the Livesay model. This
finding was consistently observed for other capillary geome-
tries under room temperature conditions (cf. the supplemental
material for details). In contrast, the laminarWutz/Adammodel
predicts a volume flow, which is generally significantly too
high; the predicted values are at least a factor of two higher than
the experimental results.

Figure 3 also presents the volume flow through glass and
metal capillaries at elevated temperature. The comparison be-
tween the capillary types shows that the volume flow is inde-
pendent of the capillary material: the measured volume flow
differs only slightly between glass and metal capillaries. De-
tailed analysis of the results from all performed experiments
with different capillary geometries and measurement tempera-
tures show that the observed differences in Figure 3 are in the

range of geometrical experimental uncertainties between indi-
vidual capillaries (see supplemental materials for details). Such
individual differences are likely induced by deviations of the
capillary diameter from the manufacturers stated value. Thus,
flow characteristics are similar for the investigated glass and
metal capillaries within a temperature range of 20 to 50 °C.
Therefore, parameters like wall roughness or wall friction,
which potentially differ between glass and metal capillaries,
have only a negligible influence on the volume flow in the
present experiments.

Increasing the capillary temperature has, again, a significant
effect on the volume flow, as expected. As shown in Figure 3,
the flow decreases with increasing temperature. This effect is
also shown in Figure 4: the volume flow at the lowest attainable
recipient pressure linearly decreases with increasing tempera-
ture. Figure 3 shows another interesting effect of the increasing
temperature: the Reynolds numbers decrease significantly due
to the increasing viscosity and the decreasing density of the
gas. Consequently, Re drops rapidly to undercritical values and
the predictions of the flow should become laminar.

The experimentally determined volume flow and the
flow models diverge with increasing capillary tempera-
ture, which is clearly observed in Figure 4. Additionally,
the turbulent Wutz/Adam and Livesay flow models do
not even describe the direction of change in the flow in
dependence of the capillary temperature correctly. Under
specific conditions, both models predict increasing gas
flow with increasing temperature, while the experimen-
tally determined volume flow actually declines. In the
case of the flow model by Livesay, such an increasing
divergence is expected, since the boundary conditions of
this model are violated at an elevated capillary tempera-
ture. The model is explicitly temperature-dependent and
assumes hot gas entering the flow duct. In the performed
experiments, the gas entering the heated capillary was at
room temperature and then heated within the capillary
duct by heat exchange with the capillary walls. Similarly,
a divergence between the Wutz/Adam model and the
experimental results with increasing temperature is also
not surprising due to the fact that the basic assumption
of isothermal flow conditions, which transforms to nearly
adiabatic conditions in the case of the capillary, is vio-
lated in the experiments. Further investigations with pre-
heated gas entering the capillary will reveal if the in-
creasing temperature difference between capillary walls
and inflowing gas is the primary reason for the diver-
gence between the flow models and the experimental
results.

Static Pressure

The static pressure was determined on different positions along
glass inlet capillaries with 0.5 mm and 0.6 mm inner diameters
at minimum attainable backing pressure in the recipient. The
inlet pressure was approximately 1000 mbar; the exit back-
ground pressure was approximately 2.5 mbar. To calculate the
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pressure profile along the capillary with the models by
Michalke and Venerus, the exit plane pressure of the capillary
has to be estimated. Due to the choked flow conditions, the exit
pressure is significantly higher than the background pressure in
the vacuum recipient. Wutz et al. provide an equation
which allows the calculation of the critical pressure at
which the flow in the capillary becomes sonic and, thus,
chokes [44]. This critical pressure is also the capillary
exit pressure for a choked flow. For air under turbulent
conditions at room temperature, the critical pressure pc is
given by (with d and l in cm and p0 in mbar):

pc ¼
4:51

d3p20
2l

� �4
7

d
ð12Þ

Table 2 summarizes the results of the measurements and
calculations. The measured static pressures are in agreement
with the calculated turbulent static pressures with a deviation in
the range of ± 6% while the calculated laminar pressures
deviate strongly in all cases.

Gas Temperature

Direct measurements of the gas temperature expanding from
heated inlet capillaries show that the flow within the capillary
duct is nearly isothermal with extensive heat exchange between
the capillary walls and the gas. Table 3 presents the measure-
ment results. A heated capillary segment of only 2.0 cm at the
capillary end is sufficient to heat the flowing gas to almost the
temperature measured at the heating coil on the outer capillary
walls. As an analogy, if a 2.0 cm segment is heated at the center
of the capillary main axis, the gas is almost returned back to
ambient temperature when it exits the capillary. Both findings
indicate extensive heat exchange with the capillary walls,
which supports the general notion of transient or turbulent
conditions due to an increased turbulent heat transport in the
gas.

The estimated temperature distribution in a hypothetical
laminar gas flow through the capillary was calculated with
Comsol Multiphysics. The gas flow and pressure fields were
calculated from the laminar flow model by Venerus and a
heated segment of 2.0 cm at the capillary exit with a tempera-
ture of 354 K was assumed. Figure 5 presents the radial
temperature distributions at the capillary exit for different hy-
pothetical volume flows Q. The results are not entirely conclu-
sive: for a volume flow ofQ=1.0 L·min− 1, which corresponds
to the actually measured flow conditions in the inlet capillary
with the simulated geometry, a temperature profile with a mean
temperature of 344 K results. Thus, the simulated mean exit
temperature for a hypothetical laminar case is 10 K below the
temperature of the heated capillary walls. In the experiment, a
temperature difference of only 5 K was found which also
supports the notion of increased heat exchange due to turbulent
mixing. Given the uncertainties of the numerical model and the

Table 2. Static Pressure Measurements in Glass Inlet Capillaries

Capillary 1 2 3

Cap. diameter (mm) 0.6 0.6 0.5
Position (cm) 15.3 17.4 9.0
Meas. Volume flow (L·min−1) 1.37 1.16 0.907

Calculated critical pressure (mbar) 209 207 186
Calculated turbulent static pressure (mbar) 439 274 727
Calculated laminar static pressure (mbar) 250 216 352
Measured static pressure (mbar) 460 290 720
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Figure 4. Experimental temperature dependence of volume
flow throughmetal capillaries in comparison to results from flow
models

Table 3. Gas Temperature Measurements on a Glass Inlet Capillary with 0.5-
mm Inner Diameter and 18-cm Length

Heated segment (cm) Cap. temp. (°C) Expanding gas
temp. (°C)

Recipient pres.
(mbar)

9–18 70 63 4
9–15.5 65 49 4
0–18 80 75 8
8–11 65 29 4
15.5–18 55 52 4
15.5–18 80 75 3
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experiments, this difference is not a particularly strong indica-
tion of turbulent conditions. However, it is consistent with the
assumption of transient or turbulent conditions in the investi-
gated capillaries.

Velocity Profile

By generating ions with photoionization using a pulsed ns UV
laser [atmospheric pressure laser ionization (APLI)] in a quartz
capillary and recording the transfer time from the ionization
position to a Faraday cup detector or a detector electrode, the
gas flow profile along the capillary channel is experimentally
determined. The results of such time of flight (ToF) measure-
ments yield the profile of the flow velocity in the remaining
capillary segment between the point of ionization and detector.

Figure 6 shows the ToF results performed on a quartz
capillary with an inner diameter of 0.4 mm and a length of
18 cm with a minimum attainable pressure in the recipient. The
Reynolds number of this setup is calculated to be 1449 with the
laminar flow model and 1733 with the turbulent flow model.
Thus, the capillary flow in this setup is considered as laminar.
Experiments with capillary geometries which should lead to a
turbulent flow are planned but were not conducted to date due
to the lack of available quartz capillaries with appropriate
geometric parameters.

With the exception of a few outlying individual data points
near the capillary exit where the transfer times become very
short and the limits of the used experimental setup are reached,
the measurement results show a smooth and reproducible ion
velocity distribution along the capillary. It is noted that in the
experiments the initial rise of the transient signal of the ion
pulse was recorded, not the average transfer time of the

transported ions. Thus, the experiment yields the velocity of
the fastest ions, which are transported in the center region of the
capillary flow, not the radially averaged flow velocity. This
maximum ion velocity is in the range of 150 to 200 m·s−1.

The experimental data are compared with results from cal-
culations with the turbulent and laminar flow models by
Michalke and Venerus. Figure 6 shows that the averaged flow
profiles diverge significantly from the experimental results.
This is expected due to the detection mode in the experiments.

Therefore, the resulting ion pulses resulting from a laser-
induced start zone of 5 mm axial length were simulated in a
numerical model with Comsol Multiphysics. In the laminar
version of this model, the two-dimensional compressible lam-
inar flow model from Venerus was used to calculate the back-
ground gas flow for the convection/diffusion simulation. In the
turbulent case, a two-dimensional flow profile was estimated
by calculating the one-dimensional average flow velocity by
the flow model of Michalke and then assuming a parabolic
radial flow profile. For the determination of the minimal sim-
ulated ion transfer time, the initial rise of the simulated ion
pulses was determined from the simulation results.

The comparison of the experimental results with the ion
transport simulation reveals that the laminar transport model
reproduces the experimental data. In contrast, the turbulent
transport model results diverge significantly from the experi-
ments as expected. This strongly suggests that the flow in the
quartz capillary was in a laminar state, as expected from the
calculated Reynolds number, and that the laminar flow model
describes the laminar compressible flow correctly.

Planned further experiments with over-critically operated
capillaries will show whether or not the turbulent model is
reproducing the velocity profile of a fully turbulent capillary
flow as well.

Ion Transmission Efficiency Through Inlet
Capillaries

Measured ion transmission efficiencies of inlet capillaries made
of glass are surprisingly high; the ion loss was measured to be
smaller than one order of magnitude for gas flows containing
ions of both polarities [6]. A detailed publication regarding the
transmission of small gas phase ions through metal and glass
inlet capillaries is currently in preparation. It is widely assumed
that this high ion transmission is due to a laminar flow inside
the inlet capillary, as ions that collide with the wall are assumed
to be discharged [31]. However, within inlet capillaries oper-
ated at typical API conditions, a high fraction of the ions do
reach the capillary walls during their passage due to molecular
diffusion, even if a strictly laminar flow through the capillary
duct is assumed. For turbulent gas flows, the transverse trans-
port of ions by turbulent diffusion is orders of magnitudes
larger than the molecular diffusion [14, 40]. Therefore, the
following calculation yields only a lower limit for the diffusion
in this case. In addition to molecular diffusion, space charge
can influence the ion motion and potentially contributes to the
drag towards the capillary wall [31].While space charge effects
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Figure 5. Calculation of the radial temperature distribution at
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are not easily calculated, the transport velocity of the molecular
diffusion is described by the Einstein–Smoluchowski relation
[30]. The mean distance a molecule is transported by diffusion
is given by:

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2⋅D⋅t

p
ð13Þ

with:
x distance of diffusion
D diffusion coefficient
t time

The diffusion coefficient depends on pressure and temper-
ature. In most cases, the inlet capillary has a specific tempera-
ture without a significant axial temperature gradient, but the
pressure decreases along the main capillary axis. For a rough
estimation of a diffusion coefficient, a mean pressure of
500 mbar is assumed (refer to the pressure profiles in
Figure 1). The diffusion coefficient is calculated using the
following equation:

D ¼ 1

3
⋅λ⋅v ð14Þ

with:
λ mean molecular free path
v mean molecular velocity

When ions with a molecular weight of 30 g·mol−1, a mean
velocity of 460 m·s−1 and a mean free path of 200 nm are
assumed, a diffusion coefficient of 0.303 cm2·s−1 is obtained.
Most typical analyte ions traveling through inlet capillaries
have a considerably larger molecular diameter than nitrogen,
so that their diffusion coefficients are much smaller. Assuming
an inlet capillary with a length of 18 cm and an inner diameter
of 0.5 mm, the transfer time from the entrance to the exit of the
capillary is around 1.3 ms [23]. Equation 13 gives an average
diffusion distance of 0.3 mm for each molecule. Therefore,
even small gas phase molecules, which enter the capillary at the
center capillary axis, reach the capillary wall entirely driven by
molecular diffusion.

This simple calculation is supported by a numerical model:
a diffusion and convection calculation to simulate the analyte
depletion within the inlet capillary duct was carried out, assum-
ing a generic analyte and a complete destruction of the analyte
ions hitting the capillary walls. Figure S1 in the supplemental
materials shows the extent of analyte depletion for different
diffusion coefficients. The simulation shows that for very small
molecular weight analytes, a nearly complete destruction is
estimated even in a laminar bulk gas flow. As stated before,
these calculations define a lower limit of collisions with the
walls and do not take any additional mixing processes into
account. Thus, a laminar flow within the capillary duct is not
considered as the primary explanation for the observed high ion
transmission of inlet capillaries. Other mechanisms which
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potentially lead to high transmission efficiencies are surface
effects, e.g. charging of the capillary walls.

Conclusions
The investigation of the gas flow through inlet capillaries
typically used as a first gas flow restriction stage in atmospheric
pressure mass spectrometers reveals the high complexity of the
flow characteristics. Commonly used inlet capillaries can be in
the laminar, transitional and turbulent region, depending on the
particular capillary geometry and operational conditions. This
renders the experimental determination of the actual flow state
rather complex, particularly if the flow is of a transitional type.

For the investigated commercially used inlet capillary ge-
ometries with 0.5 and 0.6 mm inner diameters, the flow is at
least in the transitional region. Volume flowmeasurements and
the direct measurements of the static pressure strongly support
the presence of a turbulent gas flow. The theoretical turbulent
models are in agreement with the experimental results for room
temperature. Additionally, the placement of an obstacle in a
capillary duct did not change the volume flow significantly,
which suggests that even the undisturbed flow in the investi-
gated capillary was already turbulent. The measured extensive
heat exchange with the capillary walls does further support the
assumption of a turbulent gas flow. In contrast, the experimen-
tal findings are generally in conflict with the assumption of a
laminar flow: the numerical simulation of the ion depletion in a
hypothetical laminar gas flow supports the assumption that
laminarity is not a prerequisite for high ion transmission effi-
ciencies. Even under laminar conditions, the ion loss is severe
assuming ideal ion destruction on the capillary walls. Such a
behavior was not found in preliminary ion transmission mea-
surements. Thus, it is concluded within the framework of this
paper that ions are not generally discharged on the capillary
walls but participate in a potentially complex surface–gas phase
exchange chemistry on the walls. In the investigated cases, the
capillary material had no significant effect on the flow dynam-
ics: The measured flows through the metal capillaries are
similar to the results gathered on glass capillaries and, there-
fore, also to the theoretical predictions.

Experiments with heated capillaries clearly show that the
theoretical models become invalid with increasing capillary
temperature, which is partly expected due to the increasing
violation of particular boundary conditions of the models.
Further experiments, in particular with pre-heated gas flowing
through the inlet capillary, will show if the flow models also
hold true under increased temperature if the model assumptions
are satisfied.

The experimentally determined velocity profile in a laminar
capillary flow was reproduced by a numerical model based on
the laminar flow model by Venerus. Further experiments will
reveal if this is also the case for turbulent conditions and the
corresponding turbulent flow model.

The generally present turbulent flow through the investigat-
ed inlet capillaries allows significant modification of the

capillary duct without altering the flow characteristics. This
opens the way to ionization inside the inlet capillary: different
ionization methods have already been carried out inside the
capillary duct; these are photoionization (capillary atmospheric
pressure photoionization, cAPPI [23, 24, 26]), laser ionization
(capillary atmospheric pressure laser ionization, cAPLI [28])
and, in the negative ionization mode, electron capture ioniza-
tion (capillary atmospheric pressure electron capture ioniza-
tion, cAPECI [11, 12]). With the necessity of laminar flow
conditions in the capillary, the options of interesting methods
involving the inlet capillary would be very limited, which is
apparently not the case.
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