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Abstract.Numerical simulations of a gas flow through a capillary being a part of mass
spectrometer atmospheric interface were performed using a detailed laminar flow
model. The simulated interface consisted of atmospheric and forevacuum volumes
connected via a thin capillary. The pressure in the forevacuum volume where the gas
was expanding after passing through the capillary was varied in the wide range from
10 to 900 mbar in order to study the volume flow rate as well as the other flow
parameters as functions of the pressure drop between the atmospheric and
forevacuum volumes. The capillary wall temperature was varied in the range from
24 to 150 °C. Numerical integration of the complete system of Navier-Stokes equa-
tions for a viscous compressible gas taking into account the heat transfer was

performed using the standard gas dynamic simulation software package ANSYS CFX. The simulation results
were compared with experimental measurements of gas flow parameters both performed using our experimental
setup and taken from the literature. The simulated volume flow rates through the capillary differed no more than
by 10% from themeasured ones over the entire pressure and temperatures ranges. A conclusion was drawn that
the detailed digital laminar model is able to quantitatively describe the measured gas flow rates through the
capillaries under conditions considered.
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Introduction

Owing to development of atmospheric pressure ionization
sources like electrospray and APCI (atmospheric pressure

chemical ionization), mass spectrometers with atmospheric
pressure ionization became more and more wide-spread. Ion
transport from atmospheric pressure region into vacuum part of
a mass spectrometer is often accomplished by a long capillary
with inner diameter (i.d.) of the order of several tenths of
millimeter and several centimeters long, which restricts the
gas loading on the vacuum system of the device. The gas flow
parameters have a critical effect on the ion transport in the
capillary and are therefore of practical interest; many works
are devoted to this subject. In [1], ion losses on the capillary
walls due to space charge repulsion and ion diffusion were
estimated and a qualitative influence of various peculiarities of
gas flow in the capillary on the ion losses were discussed

without accounting for the real distributions of gas velocities
and temperatures across the capillary. The ion motion through
the capillaries of various shapes was studied in [2], using a
specially designed experimental setup. Gas flow in the system
was computed using the ANSYS package. After simulation,
the resulting gas flow parameters were exported into the
SIMION package. Using SIMION, the ion motion was simu-
lated taking into account both gas dynamic and electric forces.
In this work, the significant effect of gas dynamics on the ion
motion in addition to the electrostatics was emphasized. The
ion losses during ion transport through the bent capillaries were
investigated experimentally in [3], focusing on the Dean-type
secondary motion, a sort of gas circulation around the bent
capillary axis, which led to the increase of ion loss. In [4], the
numerical simulations of the gas motion in an asymmetric
system consisting of a capillary and a non-coaxial skimmer
were performed using both laminar and turbulent gas flow
models. In that work, the conclusion was drawn that the main
ion losses are defined by peculiarities of gas expansion at the
exit of the capillary; at the same time, it was shown that only aCorrespondence to: Michael Skoblin; e-mail: skoblin.michael@gmail.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-017-1743-7&domain=pdf
http://orcid.org/0000-0003-1907-9401


minor difference in simulated flow parameters was observed
when the turbulent flow model was substituted by a laminar
one. In [5], a set of capillaries with the same i.d. but different
lengths were used to experimentally show that the gas entrain-
ment was not the only force affecting the ions but both space-
charge and ion diffusion play significant roles in ion losses
inside the capillary. Many measurements of the air volume
flow rate through capillaries of different lengths and i.d. were
analyzed in [6], using various approximate analytic gas-flow
models in pipes. In that work, an attempt was made to prove
that the capillary flow under operation conditions of atmo-
spheric interfaces must be turbulent. In [7, 8], the effectiveness
of ion transport through the capillaries depending on the gas-
flow conditions was investigated. A detailed numerical analy-
sis of two-component flow (dry gas plus analyte gas) was
performed in [9]. The most impressive part of that work was
verification of the CFD results by direct particle image
velocimetry (PIV) measurements.

Thus, a lot of experimental data on the gas flow in capil-
laries as well as a wide experience on gas-flow simulation of
atmospheric interfaces have been accumulated so far. Never-
theless, the question of the underlying nature of such a flow is
still open. Is the gas flow in a capillary under typical conditions
of atmospheric interface laminar or turbulent? Appearance of a
turbulent flow will influence ion transmission in the capillary
by increasing the effective diffusion coefficient and changing
the radial distribution of the velocities and temperatures inside
the capillary. The notion of a turbulent gas flow in a capillary is
based on Reynolds criterion, which was experimentally obtain-
ed for an incompressible liquid flow in a pipe (see [10] and
references therein). Indeed, the mean flow velocities in the
capillary approach the speed of sound for typical operation
pressure drops between the capillary ends. The Reynolds num-
ber Re = ρ ⋅ V ⋅D/η, where ρ is mean gas density, V is the gas
velocity,D is the characteristic length scale of the system, and η
is the gas dynamic viscosity, can reach several thousands.
However, is a high value of Re a sufficient condition for a
well-developed turbulence appearance for a given problem
formulation? A detailed theoretical investigation of the stability
of viscous compressible gas flow in a capillary at high Reyn-
olds numbers is an extremely complicated computational task,
which is out of the limits of this work. A good review of
theoretical and experimental methods for investigation of trans-
fer to turbulent conditions for water flow in pipes is given in
[11].

In addition to a theoretical aspect, this question is of
great importance from a flow modeling viewpoint as the
direct numerical simulation of a turbulent motion is ex-
tremely complicated. When using semi-empirical turbu-
lence models, the researches are faced with a boundary
conditions problem. The point is that in order to apply
one of the recently developed turbulence models (see, for
example, [12, 13] and references therein) one has to solve
an extra set of transport equations. For example, for the k–ε
turbulent model [12], the transport equations for the turbu-
lent kinetic energy k and its dissipation rate ε should be

solved in addition to the usual set of Navier-Stokes equa-
tions. This means that at the simulation domain boundaries
some special kind of boundary conditions are required for
such parameters, and for them accurate measurements or
even estimates could be a fundamental problem. The at-
mospheric interface of a mass spectrometer is a miniature
device and detailed measurement of gas dynamic parame-
ters inside it is a challenging task. Some integral quantities
of a flow like volume flow rate through the system can be
relatively easily measured in the experiments. Using an
extended experimental setup, the temperature at the capil-
lary walls, static pressure in the capillary, maximal gas
velocity, and some other parameters can be measured [6].
However, these data are insufficient to estimate, for exam-
ple, a mean value of the turbulent energy and its dissipa-
tion rate at the inlet boundary of the domain. Although the
attempts of the direct experimental estimation of k near the
inlet area of the transport capillary using the PIV instru-
mentation have been undertaken in [9], this method is too
sophisticated to be widely used in practice. Hence, the
practical choice of an adequate self-consistent turbulent
gas motion model in agreement with experimental data is
a very difficult task. A natural question arises then: wheth-
er or not it is possible to quantitatively describe the flow in
the capillary, which is a part of the mass spectrometer
atmospheric interface neglecting the turbulent component,
i.e., assuming that the flow is laminar.

Despite of the apparent simplicity, the problem of a steady-
state laminar flow of a viscous gas from the atmospheric
pressure region into a forevacuum volume through an axially
symmetric capillary of length L and i.d. R is rather complicated.
For an adequate description of gas flow, the equations of
motion of viscous and compressible gas should be solved
[14]. The complete system of equations for this problem can
not be solved analytically even for the simplest geometry (e.g.:
cylindrical inlet volume - capillary - cylindrical outlet volume)
and attempts to simplify the problem could lead to a complete
loss of accuracy. The most thorough approach to this problem
was developed in [14]. In that work, a subsonic gas flow was
simulated using isothermal approximation and row expansions
of the pressure and velocity components in terms of small
parameters α = R/L and ε = Δρ/ρ, were derived up to the second
order. In a number of other works [6, 15, 16], the attempts to
find a simple analytic solution were performed using much
more crude assumptions. For example, substantially
overestimated volume flow rates in comparison with experi-
mental data were obtained in [6] using a simplified model of
laminar flow in a capillary [15]. As a result it was concluded
that the flow in the capillary certainly must be turbulent.

The aim of our work is to clarify whether the laminar model
is suitable for description of air flow through the capillaries in
atmospheric interfaces. For this purpose, we have performed
numerical simulations of the viscous compressible gas flow
taking into account the heat transfer. A simplemodel of the first
stage of an atmospheric interface consisting of an inlet volume,
a capillary, and an outlet volume was used. The simulation
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results were compared with experimental data obtained in our
laboratory and experimental data taken from [6].

Numerical Simulations
The design of the simulation domain, building the computa-
tional mesh and simulations themselves were performed within
the framework of the gas dynamic package ANSYS CFX 15.0.
As it will be shown in BMain Simulation Parameters^ Section,
the Knudsen numberKn equal to the ratio of the mean free path
λ over the character lengthD (capillary diameter) is rather small
for this problem (Kn = λ/D < < 1), and that is why the contin-
ual Navier-Stokes approach is applicable for the flow
simulation.

The physical flow model chosen in the data preparation
module ANSYS CFX-Pre suggests simulation of a laminar
high speed (both subsonic and supersonic) flow of an ideal
viscous compressible gas (air) taking into account the heat
transfer. The term «ideal gas» implies that it obeys the
Mendeleev-Clapeyron equation of state, the viscosity and heat
conductivity being the functions of the absolute temperature
obtained by fitting the experimental data [17].

Steady-state solution was found using iterative approach
with the time step Δt = 0.5 ÷ 1.0 μs so that the maximal
Courant number (Co = V ⋅ Δt/Δx, where Δx is the mesh edge
size and V is the absolute velocity at a given point) was not
greater than 10 in all our simulations. The solution convergence
criterion was the decrease down to 10− 3 of themaximal relative
change of flow parameters computed over the entire domain for
two successive iterations. The simulations had been carried out
using the workstation with 16-kernel processor Intel Xeon 2.9
GHz. The mean solution convergence time was 8 h.

Simulation Domain and Boundary
Conditions
The simulation domain consisted of three parts: auxiliary inlet
volume, capillary, and auxiliary outlet volume. The auxiliary
volumes were needed for correct boundary condition setting
because the exact values of pressure, directions, and absolute
values of velocities were unknown at the inlet and outlet cross-
sections of the capillary. The irregular three-dimensional mesh
inside the simulation domain was built to meet the require-
ments of the solution accuracy. Inside the capillary the maximal
cell size did not exceed 0.075 mm; in the inlet volume average
cell size was 1.0 mm, the mesh gradually getting denser when
approaching the capillary entry. In the vicinity of the capillary
exit and in the regions outside the capillary, where the sharp
gradients of the flow parameters were expected, the mesh was
also dense and the mean cell size was about 0.1 mm. Down-
stream at the distance of about 20 capillary diameters the cells
were gradually getting larger and reached their mean size of
about 1 mm at the exit of the domain. As the flow is supposed
to be laminar and symmetric with respect to the XY plane, the
domain represents, in fact, only a half of the real three-

dimensional domain occupied by the flow. To resolve the
velocity profile in the vicinity of capillary walls, 4–5 additional
layers of flat cells were added there. The simulation domain
and two-dimensional mesh in the symmetry plane in different
parts of the domain are shown in Figure 1.

Boundary conditions of four types were set at the simulation
domain boundaries. At the inlet cross-section of the auxiliary
inlet volume, where the estimated values of gas velocity are
small, the full pressure equal to P0 = 103 mbar was set. In
addition, the velocity direction was postulated to be normal to
the cross-section plane. The gas entering the domain was
suggested to have a room temperature T0 = 24 °C. The side
surface of the cylindrical inlet volume formed a wall with
temperature T0, through which the gas cannot penetrate, but
along which it can freely slip without friction.

The capillary surface was assumed to be a wall, at which a
constant temperature TWALLwas set. One of the most important
boundary conditions on the capillary walls was the adherence
condition, i.e., equivalence to zero of not only normal but also
tangential component of the velocity.

In the outlet volume, the side and the end-wall surfaces were
assumed to be open. This means that the gas can leave the
domain and enter the domain through these surfaces. At these
surfaces an average static pressure P1 < P0 was postulated,
which was one of the most important input parameters of the
model, and which was varied from simulation to simulation. If
the gas enters the domain through the opening, it was suggested
to have temperature T0. An additional boundary condition at
the open surfaces was entrainment, i.e., equality to zero of the
velocity derivative in the direction to the surface normal.

On the symmetry plane XY there was a special boundary
condition that required zero derivatives in the direction normal
to the plane for any gas dynamic parameter φ: ∂φ = ∂ n!¼ 0.

A full rest V
!¼ 0 at atmospheric pressure P0 and room

temperature T0 was taken as initial conditions for all the
simulations.

Figure 1. The simulation domain, boundaries, and mesh ele-
ments at the symmetry plane (the XY plane); 1 – inlet volume, 2
– capillary, 3 – outlet volume, 4 – 2D mesh at the XY plane near
the capillary exit, 5 – 2D mesh near the capillary entry, 6 –
additional prismatic layers
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Main Simulation Parameters
The capillary sizes, for which the simulations had been per-
formed in this work as well as the forevacuum volume pressure
ranges and capillary temperatures are presented in Table 1.

The capillary parameters, pressures and temperatures were
chosen according to the experimental conditions used in [6] in
addition to conditions of experiments carried out in our
laboratory.

Experiment
The relationship of volume flow rate through the capillary
versus the pressure in the forevacuum volume was studied
using a simple experimental setup (Figure 2). The capillary
outlet was opened into a big volume (3), which was pumped
out by a forevacuum pump (5). The pumping rate was con-
trolled by a valve installed into a forevacuum pump line. The
pressure in the outlet volume was measured using the
INFICON IR090 pressure gauge (4). The gas flow rate through
the system was measured at the outlet of the forevacuum pump
by a drum-type flowmeter GSB-400 (7), in which the gas,
passing through a water-filled tank, rotated a measuring drum.
The measurements were carried out at the room temperature
equal to 24 ± 3 °C.

Results
After the steady-state solution had been obtained the simulation
result file was loaded into the ANSYS CFD-Post 15.0 module,
in which calculations of the volume flow rate through the
capillary are performed in addition to calculations of other flow

parameters both along the capillary axis and in cross-sectional
planes.

Volume Flow Rate
Through the Capillary
The dependencies of volume flow rate through the different
capillaries versus the pressure difference between the atmo-
spheric and forevacuum volumes are shown in Figure 3. The
volume flow rate in our simulations was obtained from the
mass flow rate by reducing it to the room conditions T = 20 °C,
P = 103 mbar; the air density at these conditions was assumed
to be equal to ρ = 1.20 kg/m3.

It should be noted that for comparison of measured
and simulated volume flow rates in the case of heated
capillary (Figure 3a, b) experimental data [6] for the
metal capillary had been chosen. This had been done
because the heat conductivity of metal is substantially
higher than that of glass, and one could expect that the
constant temperature conditions at the inner surface of the
capillary set in the simulations would meet better the
temperature measured at the outer surface of the
capillary.

Despite the difference between simulated and experimental
flow rates reaching 20% at low values of the pressure differ-
ences ΔP (Figure 3c), the general agreement between our
simulation results of the laminar flow and the experimental
data is much better than that pointed out in [6] where the gas
flow in the capillary was computed using simplified parametric
models for both laminar and turbulent cases [15, 16]. The fact
that the simulated curve in Figure 3d obtained for the capillary
of nominal 0.5 mm i.d. lies in general by 10% lower than the
experimental one could be explained by an inaccuracy of the
capillary diameter measurement.

From comparison of the experimental and simulated flow
rates for the same capillary size but for different capillary
surface temperatures shown in Figure 3a, b, it is seen that the
detailed numerical modeling of the laminar flow adequately
describes the flow rate decrease for the enhanced temperature.
When the capillary walls temperature was increased from 50
°C to 150 °C, the simulated volume flow rate decreased from
1.17 L/min down to 0.92 L/min in good agreement with the
experimental data. In contrast to our simulations, the simplified
flow models give wrong qualitative relationship between the
capillary temperature and the flow rate through the capillary as
it was pointed out in [6].

Table 1. Simulation Parameters

Capillary: diameter/length (D/L, mm) 0.5/60 0.6/60 0.5/58.5 0.58/58.5
Forevacuum pressure (P1, mbar) 100 - 900 100 - 900 20 - 900 20 - 900
Capillary walls temperature (TWALL, °C) 50, 150 27 24 24
Experimental data [6] [6] Our experiments Our experiments

Figure 2. Experimental setup for the gas flow rate measure-
ments; 1 – air inlet at one atmosphere, 2 – capillary, 3 – outlet
volume, 4 – pressure gauge, 5 – forevacuum pump, 6 –
pumping rate control, 7 – flowmeter
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Reynolds Number in Capillary
In this work, we hold on to the traditional definition of the
Reynolds number, although we express the cross-section aver-
aged flow velocity u and density ρ via the mass flow rate W,
which remains constant through any cross-section of the
capillary:

Re ¼ ρ u D

η
¼ W ⋅2R

π R2 η
¼ 4W

π D η
; ð1Þ

where η stands for a cross-section averaged dynamic viscosity.
The simulated Re versus ΔP relationships for all the cases listed
in Table 1 are shown in Figure 4.

The Reynolds numbers plotted in Figure 4 had been com-
puted for a cross-section located in the middle of the capillary,
at a distance x = 30 mm from the capillary entry. It is seen that
these values are pretty high, in particular for the capillaries with
i.d. of 0.6 mm. By virtue of the criterion Re > ReC ≈ 3500,
pointed out in review [11], for transfer of the viscous incom-
pressible liquid flow in a pipe to the turbulent condition, one
could conclude that there should present a well-developed
turbulence in the capillary flows considered. Nevertheless, the
results of volume flow rates computation (Figure 3) show that
the laminar simulations result in good agreement with the
experiment. This close coincidence of the simulations and the
measurements makes us suggest that in case of capillary flows
of the viscous compressible gas some higher value of the
threshold ReC could serve as a turbulence transfer criterion.

Flow Parameters Distribution
Along the Axis
To study the distribution of various flow parameters at the axis
of the system, we have chosen the case of metallic capillary
with diameter D = 0.5 mm and length L = 60 mm, heated up to
the temperature T = 50 °C. The volume flow rate through the
capillary versus ΔP for this case is plotted in Figure 3a. Distri-
butions of the simulated Knudsen number,Mach number, static
pressure, axial velocity, and static temperature at the axis for
five different values of the pressure drop ΔP are shown in

Figure 3. Simulated and measured volume flow rates through the capillaries versus the pressure difference ΔP. Red points and
lines – experimental data; blue – simulations, ANSYSCFX. (a) –D = 0.5mm, L = 60mm, TWALL = 50 °C; (b) –D = 0.5mm, L = 60mm,
TWALL = 150 °C; (c) – D = 0.6 mm, L = 60 mm, TWALL = 27 °C; (d) – L = 58.5 mm, TWALL = 24 °C. Experimental data on panels (a), (b),
(c) are taken from [6], data on panel (d) are obtained in our experiments. Flow rate values are reduced to roomconditions (T = 20 °C,P
= 103 mbar, ρ = 1.2 kg m–3)

Figure 4. Simulated Reynolds numbers in the capillary versus
the pressure difference ΔP. (a) – D = 0.58 mm, L = 58.5 mm,
TWALL = 24 °C; (b) –D = 0.6mm, L = 60mm, TWALL = 27 °C; (c) –
D = 0.5 mm, L = 58.5 mm, TWALL = 24 °C; (d) – D = 0.5 mm, L =
60 mm, TWALL = 50 °C; (e) – D = 0.5 mm, L = 60 mm, TWALL =
150 °C
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Figure 5. Note that for this capillary the entry and exit cross-
sections were located at x = 0, and x = 60 mm, respectively.

It can be seen that the Knudsen number in the capillary did
not exceed Kn < 0.001 so that the continuous medium Navier-
Stokes equations can be used for the flow description.

The Mach number dependence on the axial coordinate
(Figure 5b) shows that in the major part of the channel the flow
is subsonic, even for the highest pressure drops, which is in full
agreement with a known gas dynamic theorem stating that the
transition to the supersonic velocities is impossible in the
constant cross-section channel [18]. It should be noted that
the last statement does not hold true for very rarified flows
with Kn ~ 1 [19]. Starting with ΔP = 700 mbar the gas velocity
reaches the speed of sound in the vicinity of the exit cross-
section (the radial velocity component becomes noticeable
here, so that the flow is no longer strictly axial). This result is
also in agreement with the statement of one-dimensional gas
dynamics that the supersonic flow can be achieved when the
pressures ratio is greater than approximately 2: P1/P0 > 1.89,
(see [20], p. 706).

It seems to be interesting to consider the static pressure
dependence on the axial coordinate x in more detail. From the
approximate solution of motion equations for a compressible
gas in a cylindrical pipe of radius R ([15], the laminar case) it is
easy to get the following law of the static pressure variation
with x:

P xð Þ ¼ P0 1−α⋅
x

L

� �1=2
; ð2Þ

where α = 1 − (P1/P0)
2. Functions (2) are plotted in Figure 5c

for the same five values of the pressure dropΔP = P0 − P1 as for
the rest plots; note the smooth character of the approximate
solution P(x). The numerical solution plotted in Figure 5d,
however, shows that just after entering the capillary the pres-
sure suddenly drops, and only after this drop the numerical
relationship begins to be as smooth as (2). In addition, for high
values of ΔP the numerical solution also reveals a short interval
of pressure drop in the vicinity of the capillary exit. To inves-
tigate the reasons of such the pressure behavior, let us take

Figure 5. Flow parameters distribution at the axis of the system for different values of the pressure drop ΔP. (a) – Knudsen number,
(b) –Mach number, (c) – static pressure (approximate expression (2)), (d) – static pressure (numerical solution), (e) – axial velocity, (f)
– static temperature. Simulation parameters: D = 0.5 мм, L = 60 мм, TWALL= 50 °C
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advantage of the computational abilities of the ANSYS Post
package and analyze the terms of the momentum balance
equation at the capillary axis. For the steady-state conditions
and disregarding the volume viscosity the x-component of the
Navier-Stokes equation looks like ([20], p. 200):

V
!∇

� �
Vx ¼ −

1

ρ
∂P
∂x

þ ηΔVx þ η
3

∂
∂x

divV : ð3Þ

In expression (3) we have taken into account that the sub-

stantial derivative V
!∇

� �
Vx must stand for the x-component of

gas acceleration in the steady-state flow conditions.
The terms of equation (3) at the capillary axis computed

using numerical solution for the fields of velocity, static pres-
sure, density, and dynamic viscosity for the case of ΔP =
900 mbar are plotted in Figure 6. The gas acceleration is shown
by a red line, whereas blue and green lines designate the
accelerating (pressure gradient) and retarding (viscous friction)
forces. It is seen that the prominent surges of gas acceleration

are localized at the capillary entry and exit cross-sections.
Apparently, these surges could result from only sudden pres-
sure drops (red and blue lines almost coincide) and the viscos-
ity influence is negligible in these regions (Figure 6b, c). Far off
the exit and entry cross-sections (Figure 6d) the gas is acceler-
ated considerably slower, and its acceleration here is deter-
mined by balance between the pressure gradient and the vis-
cous friction. Thus it becomes clear that the reason of fast static
pressure drop at the capillary entry is the necessity to accelerate
the gas from almost zero velocity in the inlet volume to veloc-
ities of the order of 50–150 m/s (Figure 5e). It is worth noting
that the depth of the sudden pressure drop at the capillary entry
is rather great: for ΔP = 900 mbar its value is about 10% of ΔP
itself. Apparently a similar situation takes place near the exit
cross-section, at least for high pressure differences ΔP ≥ 700
mbar, when the gas is accelerated in a short distance from
approximately speed of sound to the speeds corresponding to
the Mach number M ~ 2.5. It is interesting to note that similar
pressure drop as well as the axial velocity increase in the
vicinity of the inlet end of the capillary were obtained in [7]
as a result of CFD simulations.

Thus our simulations show that the general difference be-
tween the simplified and the detailed numerical models of the
gas flow through the pipes is in the boundary conditions
setting. In the simplified models the values of static pressure
are set exactly at the pipe ends. The flow immediately adjacent
to the ends of the capillary is ignored, which results in a smooth
dependence of the gas pressure and velocity on the axial
coordinate, so that the gas accelerates gradually. Comparing
the P(x) curves in Figure 5c and d, one can see that neglecting
the gas acceleration at entry and exit cross-sections of the
capillary in the simplified model results in overestimated mean
pressure gradient, which in its turn results in overestimated
volume flow rates through the capillary. In our opinion, it
was neglecting the parts of the flow just before and after the
capillary that resulted in too high flow rates obtained in [6] with
the help of simplified laminar flow model.

At low pressure differences ΔP < 500 mbar the relationship
P(x) becomes almost linear, and the depth of the local pressure
drop near the capillary entry decreases. The axial distributions
of the pressure at the axis for both simplified and numerical
solutions become close.

The static temperature dependence on the axial coordinate at
the capillary axis is also rather complicated (Figure 5f). The
initial gas acceleration and expansion lead to a considerable
temperature drop, up to ΔT ~ 20K, which is partly compensated
later when the gas flows downstream due to radial heat transfer
from the heated walls. The gas in the central part of the channel,
however, can be heated only at quite moderate pressure differ-
ences ΔP < 300 mbar. When ΔP increases, i.e., the flowing
regime approaches the operational regime of the interface, the
gas in the central parts of the capillary of L = 60 mm length is
unable to heat, but on the contrary, cools due to a rapid
expansion. Thus the numerical simulations show that gas
flowing in the capillary is not heated homogeneously: in the
vicinity of the walls gas has the wall temperature, and at the

Figure 6. Terms of the x-component of the Navier-Stokes
equation (3) at the axis of the system: (a) – in thewhole capillary;
(b) – in the vicinity of the entry cross-section x = 0; (c) – near the
exit cross-section x = 60 mm; (d) – in the middle part of the
capillary. D = 0.5 mm, L = 60 mm, the pressure drop ΔP = 900
mbar, the walls temperature TWALL= 50 °C
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same time the cold stream moves in the central part of the
channel.

Discussion
The mass (or volume) flow rate through the capillary is one of
the most important integral characteristics of the steady-state
flow. When the pressure difference between the inlet and outlet
volumes becomes sufficiently high, the flow rate becomes
independent of the pressure in the forevacuum volume (Fig-
ure 3). The saturated flow rate, therefore, characterizes the gas
conduction or throughput of a given capillary at a given wall
temperature. As comparison of the terms of the momentum
balance equation shows, in the major part of the capillary
(Figure 6d) the pressure gradient is not so high as in the entry
and exit cross-sections, and it is the viscous friction that re-
stricts the gas acceleration and its velocity and, as a conse-
quence, limits the flow rate. If the flow was fully turbulent, the
momentum transfer in the radial direction would increase con-
siderably, which would result in an effective increase of the
viscosity. This effect is well known as the turbulent viscosity,
or Boussinesq’s hypothesis [12, 21]. The considerable increase
of the viscosity coefficient should lead to the increase of the
viscous friction force and, as a consequence, to the noticeable
decrease of the flow rate through the capillary. It was more than
2-fold excess of the volume flow rates, computed using the
simplified laminar flow model [15], over the measured flow
rates that became in [6] one of the main arguments in favor of
the turbulent flow hypothesis because the simplified turbulent
models [15, 16] yielded lower flow rates and resulted in a better
agreement with the experiment. Taking into account that the
volume flow rate can be measured very accurately, we may
state that the degree of agreement between the measured and
simulated volume flow rates can serve as a good indicator of
the validity of the flow model. As our simulations show, the
volume flow rates computed using numerical solution for the
detailed laminar model are in a very good agreement with the
measurements (Figure 3). There is some underestimation (of
about 10%) rather than overestimation of the flow rate in out
simulations, which could probably be explained by 2%–3%
inaccuracy of the capillary diameter measurement.

To emphasize the significance of the volume flow rate
as an indicator of the presence or absence of the turbu-
lent component in the capillary flow, it is worth drawing
a parallel with incompressible liquid flow in a pipe and
consider the Darcy friction factor (see, for example, [20],
pp. 358–359). This dimensionless parameter characterizes
the resistance of a pipe and for a smooth pipe depends
on the Reynolds number only:

ΔP
1
2 ρV

2 ¼ L

D
⋅ f Reð Þ: ð4Þ

Here V is the cross-section averaged velocity. The useful-
ness of (4) is that the empirical relationships f(Re) are quite

general and have been obtained for both laminar and turbulent
flows [20]. In the case of laminar flow f(Re) = 64/Re; when the
flow is turbulent the relationship is more complicated. Essential
for us is the fact that f(Re) is not continuous function of Re and
that the turbulent branch of it lies remarkably higher than the
laminar one. When Re increases the transition from laminar to
turbulent regime occurs at some point depending on the con-
ditions in the pipe but with inevitable increase of f(Re). For
example, the plot presented in [20] shows that at Re = 3500 the
friction factor must increase from ~0.02 to ~0.04 after a jump to
the turbulent branchwithin the narrow transition zone. It is easy
to see from expression (4) that the mass flow rate Q = πR2ρV is
inversely proportional to the square root of f(Re), so that one
could expect that the mass flow rate would decrease by a factor
of (0.04/0.02)1/2 ≈ 1.4 when the flow became turbulent.
Returning to our results shown in Figure 3, we can see that
both experimental and simulated volume flow rates are always
non-decreasing functions of the pressure difference ΔP. In
addition, expected flow rate drop related to a hypothetical
transition to the turbulent regime (40%) is considerably greater
than the flow simulation accuracy (10%) and the discrepancy
between the experimental and simulated flow rates could be
seen if the transition really took place. On the other hand, it
seems to be obvious that at the low pressure end of our
simulations the flow must be laminar as the Reynolds numbers
there are pretty small 700 < Re < 2000.

Taking into account all the considerations above, we are led
to a conclusion that there is no necessity to invoke the turbulent
flow hypothesis to explain the measured volume flow rates.

Our results seem to be in agreement with [4], where detailed
numerical simulations of the flow through a capillary with i.d.
of 0.5 mm and length of 100 mm using both laminar and
turbulent flow models had been performed. According to [4],
velocities and temperatures at the end of the capillary differed
for the two models no more than by 10% and 6%, respectively,
and the difference in the mass flow rates did not exceed 3%.
These results, in our opinion, confirm extremely low influence
of the turbulent component on the flow under the conditions
considered. It should be noted that using the k-ε-Rt turbulence
model in [4] did not mean that a fully developed turbulence
presents in the resulting flow. The k-ε-Rt model solves the
transport equations for both turbulent kinetic energy k and its
dissipation rate ε, boundary conditions for which (k0 and ε0)
must be set at the inlet of the simulation domain. The perma-
nent perturbations at the inlet, introduced by k0 and ε0, being
transferred downstream, can either grow or decay, depending
on the conditions in the fluid domain. Simulations performed in
[4] indicate that the inlet perturbations do not turn into a fully
chaotic turbulent flow but only lead to small deviations of flow
parameters from those of the laminar case.

To support the statement of a well-developed turbulence in
the capillary flow, special experiments were performed in [6].
The flow in the vicinity of the capillary entry was disturbed,
which neither led to any significant flow rate variations nor
resulted in ion transmission loss. This result was interpreted as
if the flow was initially turbulent. However, these observations
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can be interpreted quite the contrary. Indeed, if the flow in the
capillary is stable the perturbations at the capillary entry will
decay rather than grow and both flow rate and the ion trans-
mission will not be affected.

To verify the validity of laminar or turbulent hypothesis one
could compare also the temperatures predicted by the model
and measured in the experiments. In [6], the difference ΔT
between the mean flow temperature measured in the vicinity
of the capillary outlet and the capillary walls temperature was
numerically estimated using a combined model. Pressure

P r!� �
and velocity V

!
r!� �

fields were calculated with the help
of laminar isothermal model [14], and then the heat balance
equation was solved within the Comsol Multiphysics package

for the imported fields P r!� �
and V

!
r!� �

. The calculated value
of ΔT proved to be two times greater than the measured one,
which was assumed to result from a considerable turbulent
mixing presented in the real flow. In our opinion, there are
two problems with such an interpretation. First, using the
external pressure and velocity fields taken from the isothermal
subsonic flow model for heat transfer simulation is not quite
correct from the model self-consistency viewpoint. Second,
measurements of the static temperature in a high speed gas
flow are extremely complicated tasks. A gauge inserted in the
flow inevitably distorts the flow pattern as it is, in fact, a still
wall, at which the flow velocity falls to zero. That is why the
result of measuring the gas temperature in a high speed flow by
setting a micro-thermocouple into the flow as described in [22]
is the stagnation temperature T0, but not the static temperature
T. When the Mach number M is known, the relationship
between these values is given by the following expression [20]:

T0 ¼ T 1þ γ−1
2

M 2

� �
: ð5Þ

Here γ = cP/cV ≈ 1.4 is the adiabatic exponent for the air. To
illustrate the difference between T and T0 let us take a simulated
flow in the capillary with i.d. D = 0.5 mm, length L = 60 mm,
driven by the pressure difference ΔP = 900 mbar, and with
walls temperature TWALL = 50 °C as an example. Figure 7
shows the static and stagnation temperatures distribution across
two cross-sections, one located at x = 60.3 mm (out of the
capillary) and the second one located at x = 59.5 (inside the
capillary, 0.5 mm before the its exit cross-section). One can see
that the stagnation temperature variations versus the y-coordi-
nate across the section plane are quite small: T0 varies within
20° in the flow downstream the exit cross-section and within
10° inside the capillary. The static temperature variations are
much more pronounced. Inside the capillary at the x = 59.5 mm
plane the static temperature is equal to the wall temperature in
the vicinity of the walls (TWALL = 50 °C in this example).
When shifting in the direction to the capillary center, the static
temperature drops, reaching the minimum T = 240 K at the
very axis. The stagnation temperature at the axis is T0 =
320 K. It is easy to see that these values are in full agreement

with expression (5), if we take into account that the Mach
number in this cross-section is M = 1.3 (Figure 3b, the red
curve for ΔP = 900 mbar). In the center of the other cross-
section x = 60.3 mm the stagnation temperature is the same,
but the static temperature proves to be still lower: T = 150 K.
This happens because the cross-section x = 60.3 mm is near the
location where the flow velocity reaches its maximum, and the
value of theMach number here is nearly maximalM = 2.4. This
example shows that the value of T0 measured in the experiment
can be several times greater than the static temperature, so that
the comparison of the former with the static temperature ob-
tained from the simulations is incorrect. In addition, if the heat
transfer from the walls could be neglected, it is the stagnation
temperature that would remain constant in the flow, but by no
means the static temperature. Very probably, the stagnation
temperature was meant when the conclusion was drawn that
the flow in the capillary was Bnearly isothermal.^ In fact, the
experimental observation done in [6, 22] on the steadiness of
the measured stagnation temperature supports our thesis about
low efficiency of the gas heating by means of enhancing the
capillary walls temperature because this observation fits with
low radial heat transfer. Thus we are led to infer from all said
above that there is not sufficient validation for strong turbulent
mixing taking place in the capillary flow. There is also no
evidence to support possibility of heating the high speed flow
of gas in the capillary by heating only a short section of the
capillary walls in the vicinity of its exit.

The strongest argument in favor of the turbulent character of
the flow in the capillary is the high values of the Reynolds
number exceeding the turbulent threshold ReC = 3500. It
should be noted, however, that all the experiments on the
turbulent threshold determination (see [10, 11] and references
therein) were performed for an isothermal flow of a viscous
incompressible liquid in pipes. The applicability of the

Figure 7. Stagnation temperature (Total) and static tempera-
ture (Static) versus the radial coordinate at two cross-sections:
x = 60.3 mm (0.3 mm downstream the exit cross-section) and
x = 59.5 mm (0.5 mm upstream the exit cross-section). D = 0.5
mm, L = 60 mm, the pressure difference ΔP = 900 mbar, the
walls temperature TWALL= 50 °C
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turbulence transition criterion obtained in such experiments to
the capillary flow of the viscous compressible gas with heat
transfer needs, at least, some validation. The Navier-Stokes
equation for the compressible medium contains terms with

divV
!
, which are absent in the case of an incompressible

medium ([20], p. 200). This means that for the theoretical
validation of the threshold Reynolds number in this case, the
stability investigation for a different mathematical problem
should be performed. To our knowledge, the stability of the
viscous compressible flow with heat transfer with respect to
finite perturbations was not investigated so far. That is why the
applicability of the Btraditional^ criterion for such flow seems
to be doubtful. There is another qualitative consideration,
which casts doubts on the possibility of the well developed
turbulence in the capillaries of typical atmospheric interfaces.
The well developed turbulence appears due to growing of the
perturbations inserted into the flow. First of such perturbations
could be electrospray source. However, between such source
and the high speed flow in the capillary there is a region in
which the velocities are small and corresponding Reynolds
numbers are much less than the threshold value ReC. Such a
region should serve as a sort of a damper for perturbations,
which will decay before they enter the high speed part of the
flow in the capillary. Another source of perturbations could be
inner walls of either metallic or glass capillaries. However, they
are manufactured smooth, so that the appearance of pertinent
perturbations inside the capillary is unlikely. It is also very
probable that due to the absence of strong perturbations, the
flow in the capillary remains laminar even though the Reynolds
numbers are far higher than the turbulence threshold. It is
known from the classic experiments of Reynolds referred to
in [11] that a laminar flow up to Re = 12,000 was observed.
Certainly, all these qualitative considerations make sense only
if the laminar flow model adequately describes the experimen-
tal data, as we just tried to demonstrate in this work.

Conclusions
Detailed numerical simulations of the laminar flow in the
capillaries used in atmospheric interfaces of mass spectrome-
ters had been performed for a viscous compressible gas (air),
taking into account the heat transfer. The Navier-Stokes equa-
tion together with the continuity equation and the heat balance
equation were solved using the standard gas dynamic package
ANSYS CFX-15.0. The simulations were carried out for cap-
illaries with i.d. of R = 0.5–0.6 mm and with lengths L = 58.5–
60 mm for a wide range of the forevacuum volume pressure
P1 = 10 − 900 mbar and at room and enhanced temperatures
of the capillary walls: TWALL = 24 − 150 °C. Comparison of
the simulation results with the experimental data of [6] in
addition to our experimental data had shown that the detailed
numerical laminar model of the flow describes the dependence
the volume flow rate on the pressure difference between the
atmospheric and forevacuum volumes of the interface very
well. At high values of pressure difference, i.e., in the regimes

close to the operation regime of a typical interface the differ-
ence of the simulated and measured volume flow rates did not
exceed 10%. It was also shown that the detailed laminar model
is able to quantitatively describe the dependence of the flow
rate on the capillary walls temperature. The terms of the mo-
mentum balance equation at the capillary axis were analyzed
using the numerical solution fields and the main reason of the
difference between the simplified and numerical models in
simulation the flow in the interface was proven to be in
neglecting gas acceleration at the capillary entry and exit
cross-sections in the simplified model. The static temperature
pattern in the capillary flowwas studied and the conclusionwas
drawn about a low efficiency of the gas heating in the high
speed flow by increasing the walls temperature. In general, we
conclude that the flow in capillaries under typical atmospheric
interface conditions can be successfully described by a detailed
laminar model of flow. It should be specially noted that we do
not state that the flow in the capillary is fully laminar. It is very
probable that the turbulent component of the flow is excited at
the entrance of the capillary but then it decays rapidly and its
influence on the gas flow rate under specific conditions of the
atmospheric interface is small. Further investigations on ion
dynamics in the capillary that take into account all possible
mechanisms of ion losses (including space charge and molec-
ular diffusion) are required to cast more light on the problem.
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