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THEORETICAL BACKGROUND
Gamma gauge measurements are fre-
quently used in paper machine sur-
veys to determine the mass balance
over the wet end of the paper ma-
chine. Based on such surveys, aver-
age vertical drainage velocities can
be calculated for each drainage ele-
ment. FFiigguurree  11 displays a typical
drainage curve with vertical veloci-
ties and jet/stock thickness obtained
from gamma gauge measurements
(4). As shown in the figure, average
drainage velocities of 0.66 m/s were
achieved over the jet-impingement
region. Average drainage rates over
the low- and high-vacuum elements
ranged from 0.030 to 0.100 m/s,
more in line with drainage rates ob-
tained in drainage jars and similar de-
vices (1–3).

Initial jet impingement
This investigation is concerned with
the drainage at the initial jet im-
pingement, and the remainder of this
paper focuses on this region. FFiigguurree
22 depicts the initial impingement sit-
uation schematically for a single-wire
case. The same situation also applies
to a twin-wire case with preferential
impingement on one wire. The dri-
ving pressure in such a situation is
governed by the jet velocity v

j
and

the impingement angle β.
Wire drainage resistance

In the context of this analysis, we in-
vestigated both the drainage of the
bare fabric and the combined
drainage of the fabric and the fiber
mat. The total pressure drop is as-
sumed to be the superposition of
pressure through the fabric and mat.

∆P
total

= ∆P
fabric

+ ∆P
mat

(1)

The pressure loss across the fab-
ric can be described by Eq. 2, which
includes viscous and inertial terms.

∆P
fabric

= µa
fabric

V + ρb
fabric

V2 (2)

where

µ = viscosity
ρ = density of the suspension
V = drainage velocity
a = viscous drainage resistance coeffi-
cient
b = inertial drainage resistance coefficient

Pulp drainage resistance
The mat resistance is governed by
the basis weight present on the wire,
mat compressibility, and the geomet-
rical arrangement of fibers on the
wire. For very low basis weights, the
compressibility of the mat is ne-
glected. It is furthermore assumed
that the fibers are uniformly distrib-
uted over the fabric. The pressure
loss across the mat can then be de-
scribed by Eq. 3.

∆P
mat

= µa
mat

V + ρb
mat

V2 (3)

If we consider low basis weights,
we can further simplify Eq. 3 to:

∆P
mat

= µa
mat

V (4)

The viscous coefficient a
mat

con-
tains the basis weight and the mat re-
sistance. We can therefore rewrite
Eq. 4 to include the basis weight
(BW) and specific filtration resis-
tance (SFR):
∆P

mat
= µ × SFR × BW × V (5)
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ABSTRACT
This paper describes an experimental
method, based on a closed flow loop,
for estimating the drainage resistance
of the wire and the fiber mat. While
most test devices use low approach
velocities that are more representative
of drainage over vacuum elements,
this investigation focused on the high
approach velocities that are found at
the initial impingement of the jet. De-
sign of the experimental setup and
test methods, including results from
machine measurements, are shown in
detail. The results indicate that the
closed-flow-loop method provides a
realistic prediction of the flow resis-
tance through the wire and fiber mat.
These predictions can be used in the
development of an analytical flow
model in the jet impingement region
on paper machines.

Application:

A laboratory method of predicting
drainage resistance in the high-veloc-
ity region of jet impingement.
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Equation 5 can now be combined
with Eq.2 to obtain the total pressure
loss for fabric and fiber mat:

∆P
total

=µV[(SFR×BW) +a
fabric]+ρb

fabric
V2

(6)

EXPERIMENTAL RESULTS
A high-velocity laboratory sheet for-
mer, capable of approach velocities
of 2 m/s, was developed for the set
of experiments. FFiigguurree  33 shows the
experimental setup schematically.

The approach velocity and head
in the flow loop can be adjusted with
gate valves 1 and 2. Pulp is injected at
the position indicated in Fig. 3 under steady-state condi-
tions. The pressure changes across the fabric and velocity
changes at the orifice are measured simultaneously and
recorded on a chart recorder.

Wire drainage resistance
FFiigguurree  44 shows the velocity and pressure measurements
for a forming fabric over a range of velocities. The mea-
surements were taken from the flow loop at the points
marked ∆P

total
and ∆P

orifice
in Fig. 3. The solid line is a fit

through the data points using Eq. 2.
The measurement of pressure was extended over a

range of forming fabrics with different water permeabil-
ities, as seen in FFiigg..  55. The units for air permeability dis-
played in this figure (ft3/min/ft2) are commonly applied
to forming fabrics in the context of papermaking.

The different porosities of the various forming fabrics
clearly lead to different pressure differentials across the
fabrics. Predictions of these pressure differentials can be
obtained from the following equations, which determine
the viscous and inertial drainage resistance coefficients
of the fabrics:

a
fabric

= s
1
AP–p1 (7a)

b
fabric

= s
2
AP–p2 (7b)

where

AP = air permeability of the forming fabric
s

1
, s

2
, p

1
, p

2
= curve-fitting parameters that could be related

to the geometry of the fabric design.

As the data in Figs. 4 and 5 indicate, an excellent pre-
diction of the wire drainage resistance can be obtained
from the high-velocity former for a wide range of com-
mercial and experimental fabric types.
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1. Drainage on a hybrid machine (49-g/m2 newsprint running at 16.4 m/s) as measured
with a gamma gauge
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Pulp drainage resistance
FFiigguurree  66 shows the pressure differential vs. basis weight
curves for four pulps. A fine-mesh triple-layer fabric was
used for the experiment, and the approach velocity was
set to 0.66 m/s and maintained at that level.

Over the basis-weight range investigated, the relation-
ship between the two variables appears to be linear and
agrees with earlier observations (5). For this group of
pulp species, eucalyptus is the slowest draining pulp, re-
sulting in the largest pressure differential across the fiber
mat for any given basis weight. The kraft 100% OCC (old
corrugated containers) pulp showed the least resistance
to drainage, as indicated by the smallest pressure differ-
entials across the fiber mat. Groundwood pulp was posi-
tioned between these two extremes. As reported in the

literature (1), the flow resistance of pulps can be ranked
by the slopes of the curves, which reflect specific filtra-
tion resistance.

It is also of interest to note that for fast-draining pulp
species, the wire resistance accounts for up to 70% of the
total pressure differential at a 10-g/m2 basis weight,while
for slow-draining pulps, wire resistance contributes to
less than 20% at the same basis weight. The relative im-
portance of the wire and pulp drainage resistance at the
initial impingement of the jet can be illustrated using the
following example and equation:

where

Q
dr

= volume drained at impingement
c

HB
= headbox consistency

ρ = density of the fluid
R = initial retention coefficient
v

w
= wire speed

Based on the newsprint case shown in Fig. 1, where
the approach velocity at impingement is 0.66 m/s and
using a headbox consistency of 0.6% and a retention of
50%, the basis weight estimated after the initial impinge-
ment is 6.7 g/m2. At this point, the flow resistance of the
mat/fabric composite is more than twice that of the fab-
ric flow alone (Fig. 6).

The SEM images in FFiigg..  77 show the development of
groundwood fiber mats on a triple-layer forming fabric.
During the initial buildup of the fiber mat, the fibers are
drawn preferentially to the openings in the top surface,
adding hydraulic resistance. This process continues until
a uniform fiber-mat pore structure is built on the wire
such that the addition of more fibers would result in a
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4. Drainage resistance (pressure differential vs. drainage velocity)
of the wire as measured on a high-velocity laboratory sheet 
former (air permeability of the forming fabric = 295 ft3/min)
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5. Drainage resistance (pressure differential vs. air permeability)
of the wire as measured on a high-velocity laboratory sheet 
former (drainage velocity = 1.5 m/s)
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6. Drainage resistance (pressure differential vs. basis weight) of
the fiber mat for four pulps as measured on a high-velocity 
laboratory sheet former (fine-mesh triple-layer fabric; drainage
velocity = 0.66 m/s)

BW = 
Q

dr
c

HB
ρR

v
w

(8)
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WIRE VELOCITY,
m/min

381 712
(Mill A) (Mill B)

SFR, 109 m/kg
Measured 1.3 2.8
Calculated 1.0 2.2

WIRE TENSION,
N/m

5000 3000

SFR, 109 m/kg,
Measured 2.09 2.09
Calculated 2.21 1.25

I. Measured and calculated SFR at low
and high wire velocities

II. Measured and calculated SFR at high
and low wire tension

densification of the fiber network over the fabric holes
and a general increase of the mat thickness.The results of
this investigation suggest that significant coverage of the
knuckles of the forming fabric does not occur until basis
weights greater than 10–15 g/m2 are attained. Undoubt-
edly, this is the main reason that wire mark, for example,
is invariably more pronounced for the fabric that is im-
pinged by the jet.

In order to verify the sensitivity of the SFR to the ap-
proach velocity, similar basis weights were produced

with different approach velocities.
FFiigguurree  88 shows the results for
groundwood pulp. Despite the scat-
ter of the data, there appears to be lit-

tle or no change on the SFR (or slope of the
pressure/basis-weight curve) with increasing basis
weight, as suggested by Eq. 6. One explanation for this
behavior could be the slow response of the flow loop to
sudden changes in basis weight, i.e., resistance. While a
recent publication (6) showed the same linear pressure/
basis-weight dependency, a nonlinear relationship be-
tween basis weight, drainage velocity, and SFR was also
found based on data obtained with a high-speed data-ac-
quisition system.

Verification of measurements
To test this simplified model,measurements were taken in
several paper mills at the jet impingement. With these
measurements, the flow rates, fiber length distribution,
and fiber mass were determined. Based on the mass bal-
ance and the impingement geometry, an SFR value could
be calculated using Eq.8. Samples from the same mill were
measured in the laboratory using the closed-loop system.
TTaabbllee  II shows both measured and calculated results from
two mills with different operating conditions. While there
are some differences in the SFR results, the laboratory
measurements show the same trend as the mill measure-
ments. A possible reason for the differences between the
measured and calculated results is that orientation effects
were not taken into account at low basis weights because
of the experimental arrangement in the flow loop.

The same methodology was used to determine the
SFR for a pilot machine experiment. In this case, the SFR
was evaluated based on the mass balance around a single
blade between two fabrics (7). TTaabbllee  IIII shows two re-
sults for different operating conditions, i.e., high and low
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8. Effect of approach velocity on SFR of groundwood pulp as
measured on a high-velocity laboratory sheet former (fine-mesh
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on a triple-layer fabric (××45 magnification)
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tension settings on the paper machine.
At the higher tension, the agreement between mea-

sured and calculated values is quite good. However, at
the low tension, the SFR calculated from machine flow
data is much lower than the value measured in the labo-
ratory.

SUMMARY AND
RECOMMENDATIONS

A high-velocity laboratory sheet former can provide a re-
alistic description of drainage through the forming fabric
and the pulp mat.The water permeability of the forming
fabric significantly contributes to the overall permeabil-
ity of fabric and mat in cases of fast-draining pulps and
over the initial impingement area. Past the impingement
point, the overall drainage resistance is much more de-
pendent on the fiber mat for slow-draining pulps.

The measurement of the specific filtration resistance
at relatively high velocities enables prediction of
drainage at the early stages of the paper forming process.
However, further studies are required to investigate local
orientation effects caused by either machine conditions
or fabric topography. Furthermore, additional measure-
ments are required to resolve the velocity/basis-weight/
SFR relationship, which currently is assumed to be con-
stant.

Based on these measurements,computational models
can be developed to predict the drainage behavior on
single- and twin-wire paper machines and to assess the
influence of fabric and stock changes. TJ
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