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PEER REVIEWED

T HE AERODYNAMIC FLOW PATTERN

is an important factor influ-
encing sheet runnability in
the dryer section of a high-

speed paper machine. Three main
parameters affect the aerodynamic
flow pattern in the paper machine
dryer section:

• Dryer geometry (cylinders, rolls,
and fabric run)

• Dryer clothing (type of fabric)
• Air-handling devices (blow

boxes).

This paper presents research to
develop a fundamental understand-
ing of the interaction of these param-
eters. Our work also showed how
the resulting aerodynamic flow pat-
tern in the dryer section affects
runnability in high-speed paper
machines running over 2000 m/min.
Using advanced state-of-the-art mea-
surement and computer simulation
techniques, we studied air flow con-
ditions in detail in the critical areas
near the paper sheet.

The research has established
new methods for analyzing and
improving sheet runnability. In addi-
tion, it has suggested new blow box
and fabric designs for paper dryers.

METHODS
The program used a pilot paper
machine operating at 2000 m/min
with a fabric width of 600 mm for
the aerodynamic measurements. The
pilot machine originally ran paper
machine press felts. It has a press nip
and turning rolls. To achieve a two-
dimensional air flow pattern and
minimize boundary effects due to

the narrow web width, we mounted
transparent plastic sheeting on both
sides of the machine. Figure 1
shows the configuration of the pilot
machine. The design of the flexible
framework simulates a modern high-
speed paper machine with single-tier
run and a vacuum roll system.

Dryer fabrics and blow boxes
The dryer fabrics used in the tests
had different designs specifically for
high-speed paper machines. They
were proven fabrics with well-
known running characteristics. We
also used some new, experimental
designs.

Most tests used fabrics with a
permeability of 1500 meters3/
meters2·h (95 ft3/min). This value has
been the standard for no-draw appli-
cations. Because new design dryer
sections are using fabrics of increas-
ing permeability, tests included per-
meabilities of 0–10,000 meters3/
meters2·h (0–625 ft3/min).

A study of differently designed air
control blow boxes studied how the
interaction of the geometry of the
blow box, the operating conditions,
and the blow box with different
dryer fabrics affects the flow pat-
tern. Using this data, we developed
technology for a new generation of
blow boxes meeting the require-
ments of high-speed paper machine
geometries for effective sheet con-
trol.

LDV measurements
A fiber optic laser Doppler velocime-
try (LDV) system measured the air
flow1. This technique uses two laser

beams from a common lens system
crossing in a probe volume to create
an interference pattern.When an air-
borne particle passes through the
probe volume, the light reflected by
the particle provides information
about the velocity in a single direc-
tion perpendicular to the beam path.
Using an additional set of laser
beams with a different wave length
in the same lens system oriented per-
pendicular to the first one provides
information about the velocity in
two dimensions simultaneously.

Since the measured velocities are
for artificially supplied particles—
seeding particles—rather than the
air itself, one must assume that the
particle velocities are identical to the
air velocities. To achieve this, the
seeding particles must be small
enough to have a negligible moment
of inertia to accelerate with the air
flow. The seeding particles used in
our tests were olive oil droplets with
a mean diameter of approximately
0.6 µm.

The size of the probe volume
was approximately 0.1 x 3 mm. This
allowed us to measure the air veloc-
ity close to the moving surfaces in
the pilot paper machine.

The main advantages to LDV
technology over other methods are
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the following:
• Makes nonintrusive measure-

ments of air mean velocities and
turbulence intensities

• Obtains velocity data in well-
defined directions

• Measures air mean velocities and
turbulence intensities near mov-
ing surfaces.

CFD simulations
Computational fluid dynamics (CFD)
simulations of the flow in the pilot
machine geometry supplemented
the LDV measurements. In this tech-
nique, a complex set of differential
equations describing the relation-
ships between local fluid velocity
components, U, V, and W, and local
pressure,p,govern general fluid flow
in three dimensions.These equations

are the Navier–Stokes equations.
In practical applications, most

ordinary flows are turbulent. This
means the flow exhibits random
fluctuations in time. To simplify the
analysis of turbulent flows, it is pos-
sible to divide the flow pattern into a
steady, time-independent part—the
Reynolds averaged equations—and a
fluctuating part. The time-indepen-
dent part describes the time-aver-
aged mean flow pattern correspond-
ing to the measured mean velocity
components. The effect of fluctua-
tions on the mean flow enters
through the use of a turbulence
model. A turbulence model deals
with velocity fluctuations in statisti-
cal terms such as turbulence intensi-
ties measured as root-mean-square
(RMS) values of velocity.

In CFD, the geometry of the flow
domain is generally divided into a
grid of rectangular cells. The original
differential equations can be approx-
imated with a system of ordinary
equations describing the relation-
ships among the variables in all grid
cells. These equations are nonlinear
and require effective numerical
methods for solution.

In the CFD simulations of the
flow in the pilot machine, we
assumed the sheet run was wide
enough for the flow pattern to be
approximately two dimensional. We
used the time-averaged Reynolds
equations to describe the mean flow
pattern. Using the standard k–ε
model allowed us to model the effect
of turbulence and gave us two addi-
tional variables—turbulent kinetic
energy, k, and turbulence dissipation
rate, ε.

The modeled geometry was iden-
tical to that of the pilot paper
machine. We compared measure-
ments and model predictions in
some cross sections to verify the per-
formance of the simulation model
and establish a baseline for future
improvements of the models.

RESULTS
Boundary layer measurements

Friction forces on the surfaces of the
moving fabrics will act on the sur-
rounding air, causing an accumula-
tion of a boundary layer around the
surface of the fabric. The thickness
of the boundary layer increases with
the distance traveled from the start-
ing point. The pilot machine had a
long horizontal draw for the bound-
ary layer measurements.

The boundary layer measure-
ments used a machine speed of 2000
m/min (33.3 m/s) in a position
where the boundary layer had devel-
oped for 1750 mm. A steel sheet sup-
ported the fabric to avoid permeabil-
ity effects and vertical movements of
the fabric.

Figures 2 and 3 show the
boundary layer velocity and the
boundary layer turbulence level,
respectively. The fluid seems
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1.The flexible framework of the pilot machine configured to simulate the geometry of
a modern high-speed paper machine having a single-tier run and a vacuum-roll system,
with broken lines indicating the location of the second cylinder and the vacuum roll
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attached to the smooth surface,
while it appears to slip on the fabric
surfaces. Note that a smoother sur-
face has less air transported in the
boundary layer.

Diverging nip measurements
The diverging nip where the paper
sheet and dryer fabric leave the
dryer cylinder is critical to the
runnability of the paper machine in a
single-tier geometry. Because of
adhesion forces between the wet
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paper sheet and the smooth cylinder
surface, the paper sheet tends to fol-
low the cylinder for a short distance.
The volume created between the
fabric and the paper sheet allows air
transport through the fabric. The
transportation of air through the fab-
ric aggravates sheet flutter, as Fig. 4
shows. Aerodynamic forces acting
on the paper sheet through the per-
meable fabric cause this behavior.

Parameters such as the dryer fab-
ric structure, fabric permeability, and
the design and operation of blow
boxes affect the transport of air
through the dryer fabric and the
contribution to sheet flutter. In the
pilot machine tests, we made LDV
measurements to study and optimize
these parameters. We did the mea-
surements without a paper sheet
present to concentrate on studying
the air transported through the fab-
ric.This air flow through and around
the fabric, with a principal flow pat-

tern indicated in Fig. 5, is the result
of the pressure forces acting on both
sides of the paper sheet when it is
present. Fig. 5 illustrates the flow
direction in a cross section in the
outgoing nip. In Figs. 6–9, a positive
mean velocity normal to this cross
section corresponds to an outflow
from the diverging nip, and a nega-
tive velocity corresponds to an
inflow.

Figure 6 shows the air flow pat-
tern in the diverging nip close to the
fabric surface for fabrics with differ-
ent permeabilities but similar struc-
ture. Permeabilities are 0, 1500, and
6000 m3/m2·h for the coated, stan-
dard, and high permeability fabrics,
respectively. The coated imperme-
able fabric is the reference, since
there is no flow through the fabric.
Flow patterns with the permeable
fabrics indicate a net flow of air
transported through the fabric. The

coated impermeable fabric shows a
well-defined boundary layer follow-
ing the fabric away from the diverg-
ing nip. Since the coated fabric is
impermeable, the boundary layer
must be fed with air from the center
of the diverging nip. Permeable fab-
rics show a greater outflow than
inflow. This means that the balance
must be kept with air transported
through the fabric.

Air control blow boxes are a very
efficient way to minimize or even
reverse the air flow through the fab-
ric. Figure 7 shows the flow pattern
in the diverging nip with and with-
out a blow box using a standard fab-
ric with a permeability of 1500
m3/m2·h.With the blow box in oper-
ation, the inflow is approximately
equal to the outflow. This indicates
neutralization of the aerodynamic
forces responsible for driving air
through the fabric. The effect of a
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standard fabric with a permeability of
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8. Mean velocity profiles in the diverging
nip with and without a blow box and a
fabric with high permeability of 6000
m3/m2·h showing the more pronounced
effect of a blow box
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blow box is even more pronounced
on a fabric with high permeability, as
Fig. 8 illustrated for a fabric perme-
ability of 6000 m3/m2·h.

Fabric permeability is not the
only parameter influencing the per-
formance. The design of the fabric is
also important. Using an optimal
combination of fabric and blow box
designs to control and balance the
aerodynamic forces provides the best
improvement of sheet stability. Fig-
ure 9 compares the effects of a blow
box on a new fabric design with the
effects on a standard fabric. The per-
formance of the novel fabric design
is significantly better, although the
two fabrics have the same nominal
permeability of 1500 m3/m2·h.

The tests showed that a new gen-
eration of blow box and fabric
designs could create a diverging-nip
flow pattern that attaches the sheet
to the fabric at machine speeds of
2000 m/min.With the optimized test
system, the inflow to the nip is obvi-
ously far greater than the outflow.
The pressure differences over the
fabric drive the balance of the air
flows. In the tests, reversing the pres-
sure difference had the same effect
that normally causes sheet flutter,

giving a positive impact instead. In
an actual paper machine, the paper
sheet would firmly attach to the
dryer fabric.

CFD simulations
We modeled the geometry of the
pilot machine with one blow box
design in two dimensions using a
commercially available CFD software
package running on a standard work-
station. We carried out simulations
both with and without the blow box
jet in operation.

Figure 10 shows an outline of
the CFD model including the types
of boundary conditions used. The
computational grid contains 19
blocks with more than 23,000 cells.
Figure 11 is a closeup of the grid
around the blow box nozzle tip.

The velocity components in the
inlet boundary in the upper right
part of the model took values based
on LDV measurements.We estimated
the inlet profile of turbulent kinetic
energy from measured velocity fluc-
tuations—RMS values. We carefully
adjusted the inlet profile of the tur-
bulence dissipation rate—closely
related to the length scale of turbu-
lent eddies—to give a smooth down-
stream development of the turbu-

lence quantities. In addition, we
determined the ratio of the outlet
mass fluxes in the two mass-flow
boundaries in the upper left and
lower right corners of the model
from LDV measurements.

The moving fabric surfaces were
modeled as wall boundaries with
appropriate wall velocities and
assumed to be hydraulically smooth.
This is a simplification because we
know from the boundary-layer mea-
surements that an accurate descrip-
tion of the fabric boundary layers
must account for the roughness and
surface structure of the fabric.

Figures 12 and 13 compare the
CFD model predictions with mea-
surements in a cross section in front
of the blow box with no jet in oper-
ation. Figure 10 indicates the loca-
tion of the cross section. The hori-
zontal velocity shows excellent
agreement, and the vertical compo-
nent is also acceptable.

A small set of measurements off
the center plane of the pilot machine
showed that weak three-dimensional
effects caused by the limited width
of the machine and the side walls
were the same magnitudes as the
deviations between measurements
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10. Outline of CFD model geometry 11. Closeup of computational grid around the blow box nozzle tip
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and simulations. Other measure-
ments closer to the fabric surface
also differed from the simulations.
These small differences are  consis-
tent with the assumption of smooth
surfaces.

The most important function of
the blow box is to reduce the pres-
sure on the fabric side of the sheet
run in the region of the diverging
nip. There is a corresponding reduc-
tion of the pressure difference dri-
ving air through the fabric. We con-
nected a pressure gauge to a pres-
sure reference hole in the blow box
150 mm downstream from the noz-
zle tip to monitor the static under-
pressure created by the blow box
compared with the ambient.We com-
pared this pressure with the under-
pressure predicted in the simula-
tions.

Without the jet in operation, the
simulation predicted an underpres-
sure of 70 Pa—excellent agreement
with the 65 Pa measured in the
experiments. With the jet in opera-
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12. Comparison of CFD model predictions with measurements in
a cross section in front of the blow box for the location of the
cross section indicated in Fig. 10

13. Comparison of CFD model predictions with measurements in
a cross section in front of the blow box for the location of the
cross section indicated in Fig. 10

tion, the underpressure predicted by
the simulation was approximately
300 Pa. Measurements showed only
165 Pa.

The most important reason for
the deviation between simulation
and experiment in the latter case is
incorrect prediction of the behavior
of the jet in the simulation. Figure
14 shows the flow pattern in the
region of the jet predicted in the
simulation, with the recirculation of
the jet confined to the nozzle tip.
LDV measurements close to the
blow box suggested that the jet in
this design tilted up toward the noz-
zle tip and created a larger recircula-
tion zone around the tip. The simple
jet boundary conditions imposed in
the present CFD model cannot emu-
late this deflection of the jet.

CONCLUSIONS
Our development work in dryer
aerodynamics provides fundamental
facts for understanding the influ-
ence of all flow conditions on sheet
runnability in the dryer section of a
high-speed paper machine. The
work offers a base for future devel-
opment.

CFD provides an advanced tool
for simulating complex flow phe-
nomena. The application of CFD to
actual engineering problems shows
great promise because of the rapid

development of computer hardware
and computational methods. A
future goal would be development
of the theoretical framework for use
in a well-tuned simulation model.
The simulation tool can then be
a basis for the design of rebuilds
and future dryer sections, including
machine geometry, blow boxes, and
dryer fabrics. TJ
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14. Flow pattern in the region of the blow
box jet predicted by the simulation


