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ABSTRACT 

Simo A. Nurmi 
Computational and Experimental Investigation of the Grooved Roll in Paper Machine 

Environment 

Lappeenranta 2009 
100 Pages 
Acta Universitatis Lappeenrantaensis 379 
Diss. Lappeenranta University of Technology 
ISBN 978-952-214-890-2, ISBN 978-952-214-891-9 (pdf), ISSN 1456-4491 
 
In the paper machine, it is not a desired feature for the boundary layer flows in the fabric and 
the roll surfaces to travel into the closing nips, creating overpressure. In this thesis, the 
aerodynamic behavior of the grooved roll and smooth rolls is compared in order to understand 
the nip flow phenomena, which is the main reason why vacuum and grooved roll 
constructions are designed. A common method to remove the boundary layer flow from the 
closing nip is to use the vacuum roll construction. The downside of the use of vacuum rolls is 
high operational costs due to pressure losses in the vacuum roll shell. The deep grooved roll 
has the same goal, to create a pressure difference over the paper web and keep the paper 
attached to the roll or fabric surface in the drying pocket of the paper machine. A literature 
review revealed that the aerodynamic functionality of the grooved roll is not very well known. 
In this thesis, the aerodynamic functionality of the grooved roll in interaction with a 
permeable or impermeable wall is studied by varying the groove properties. 

Computational fluid dynamics simulations are utilized as the research tool. The 
simulations have been performed with commercial fluid dynamics software, ANSYS Fluent. 
Simulation results made with 3- and 2-dimensional fluid dynamics models are compared to 
laboratory scale measurements. The measurements have been made with a grooved roll 
simulator designed for the research. The variables in the comparison are the paper or fabric 
wrap angle, surface velocities, groove geometry and wall permeability. Present-day 
computational and modeling resources limit grooved roll fluid dynamics simulations in the 
paper machine scale. Based on the analysis of the aerodynamic functionality of the grooved 
roll, a grooved roll simulation tool is proposed. 

The smooth roll simulations show that the closing nip pressure does not depend on the 
length of boundary layer development. The surface velocity increase affects the pressure 
distribution in the closing and opening nips. The 3D grooved roll model reveals the 
aerodynamic functionality of the grooved roll. With the optimal groove size it is possible to 
avoid closing nip overpressure and keep the web attached to the fabric surface in the area of 
the wrap angle. The groove flow friction and minor losses play a different role when the wrap 
angle is changed.  

The proposed 2D grooved roll simulation tool is able to replicate the grooved 
aerodynamic behavior with reasonable accuracy. A small wrap angle predicts the pressure 
distribution correctly with the chosen approach for calculating the groove friction losses. With 
a large wrap angle, the groove friction loss shows too large pressure gradients, and the way of 
calculating the air flow friction losses in the groove has to be reconsidered. 

The aerodynamic functionality of the grooved roll is based on minor and viscous losses in 
the closing and opening nips as well as in the grooves. The proposed 2D grooved roll model is 



a simplification in order to reduce computational and modeling efforts. The simulation tool 
makes it possible to simulate complex paper machine constructions in the paper machine 
scale. In order to use the grooved roll as a replacement for the vacuum roll, the grooved roll 
properties have to be considered on the basis of the web handling application. 
 
Keywords: Grooved roll, smooth roll, fabrics, CFD, web handling, paper machine 
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NOMENCLATURE 

2D 2-dimensional 

3D 3-dimensional 

A area [m²] 

C inertia loss term [kg/m4] 

C2D porous-jump coefficient [1/m] 

D viscous loss term [kg/m³s] 

d diameter [m] 

E relative uncertainty [%] 

f friction coefficient [-], force per volume [N/m³] 

G groove fraction [-] 

g gravity [m/s²] 

h nip gap [mm] 

it iteration [pcs] 

K minor loss coefficient [-] 

L length [m], boundary layer development length [m]  

m thickness [m] 

N cell count [pcs], resolution 

p pressure [Pa] 

Q resolution threshold 

Re Reynolds number [-] 

r radius [m] 

S source term [N/m³] 

s groove length in tangential direction [m], length [m] 

U velocity component in x-direction [m/s], voltage [V] 

V volume flow proportion [-], velocity component in y-direction [m/s] 

v velocity [m/s] 

W velocity component in z-direction [m/s] 
•

V  volume flow [m³/s] 

v velocity [m/s] 

x x-coordinate [m] 
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y y-coordinate [m] 

z horizontal elevation [m] 

Greek 

α angle [deg], permeability [m3/h m²] 

β angle [deg] 

ε uncertainty 

ρ density [kg/m³] 

� angular velocity [rad/s] 

ν kinematic viscosity [m²/s] 

µ viscosity [kg/ms] 

Superscripts 

‘ total 

* modified, dimensionless 

Subscripts 

0 initial 

1 tangent point, radial component 

2D 2-dimensional 

a atmospheric, air 

accs acceleration sensitivity 

adc analog to digital converter 

amp strain gage amplifier 

c circumferential 

e emptying, entrainment, opening nip 

eva excitation voltage accuracy 

evd excitation voltage drift 

ef effective 

eff effective 

exp experimental 

f fine, filling, fraction 

fs full scale 

g groove 
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h height, hydraulic 

in closing nip 

l roll land 

lam laminar 

nlh combined non-linearity and hysteresis 

ps pressure sensor 

rad radial 

rel relative 

ref reference 

s groove tangential direction 

t total 

tzs thermal zero shift 

tss thermal sensitivity shift 

turb turbulent 

w width 

wall wall 

wrap wrap angle 

visc viscous 

vd dynamic pressure 

x x-direction 

Abbreviations 

A/D Analog to Digital 

CFD Computational Fluid Dynamics 

GCI Grid Convergence Method 

GRT Grooved Roll Simulation Tool 

FSI Fluid Structure Interaction 

LDV Laser-Doppler Velocimeter 

PC Personal Computer 

RE Richardson Extrapolation method 

RNG Renormalization Group theory 

TUAS Turku University of Applied Sciences  
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1 INTRODUCTION 

In this thesis, the main interest is in grooved rolls and their functionality in the paper machine 

environment. Rolls are widely used in paper machines to heat, press and support paper webs 

and fabrics, in order to facilitate rapid drying and transport of the paper web through the 

machine. The roll surfaces can be smooth, as shown in Figure 1b, or they can be rough, for 

example grooved and drilled. A combination of a grooved and drilled roll is called a vacuum 

roll, shown in Figure 6b. A roll with deep grooves on its surface is called a grooved roll. The 

purpose of the different surface coatings and textures is to improve the web handling in paper 

making and to save energy. A grooved roll is shown in Figure 1a. 

   

Figure 1: a) A roll with deep grooves [22],                 b) A roll with smooth surface [31] 

Grooved and vacuum rolls are web handling devices. Web handling refers to the 

controlling of manufacturing processes where the main raw material is a continuous flexible 

membrane called a web. Examples of industrial processes involving web handling include 

paper or plastic in the printing industry, cardboard in the packaging industry, rolled steel slabs 

of continuous steel in the steel industry, and previously, magnetic tape in the recording 

industry. The web motion in a web handling device is significantly influenced by the air flow. 

Vacuum roll and grooved roll constructions are used in the drying section of the paper 

machine to improve runnability. Runnability is related to web transfer, where unexpected web 

deformations and web flutter may occur [19]. There are several factors that affect runnability, 

such as the strength properties of the web, and the raw materials [19]. The components and 

processes of the paper machine, such as grooved rolls, vacuum rolls and pressing, affect the 

runnability factors [19]. 
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Rolls with low grooves are typically used in the drying section and in the reel. Rolls 

with deep grooves installed in the paper machine drying section have been studied by Kurki & 

Martikainen [22]. In drying section configurations, both the vacuum and grooved rolls are 

partly covered with drying fabrics. A schematic view of the paper machine is shown in Figure 

2. 

Figure 2: Schematic view of the paper machine [16]. 

The complexity of the paper machine construction and the fluid flows in the paper 

machine are obvious: the flow types vary from single phase to multiphase flows; the rolls and 

fabrics, together with paper web, moving with high velocity, create a challenge for improving 

the efficiency of the paper machine. The largest paper machines today are over 11 m wide, 

with the design speed over 2000 m/min. A modern paper machine is shown in Figure 3. The 

components of a paper machine can be designed with the help of computational fluid 

dynamics (CFD) simulations. This approach lowers the design costs and potentially raises the 

energy efficiency of the machine. So called virtual prototypes can be tested beforehand with 

CFD, and thus expensive pilot machine experiments and the time to market can be minimized. 

 

Figure 3: The modern paper machine [16]. 
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In this thesis, computational fluid dynamics simulations are utilized in the analysis of 

grooved rolls in the papermaking environment. 

resources limit detailed paper machine scale 3

dimensional simulation tool for grooved roll 

simulation tool (GRT) describes the aerodynamic features of the grooved roll 
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1.1 Historical outline 

During the development of paper machine

the invention of a single-felted dryer group construction

rolls were introduced in 1985 first by Beloit with 

zone affected the fabric coverage

roll and high velocity blow-box
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Figure 4: Dryer group with nips [31]. 
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Uno-Run. The vacuum roll is a widely used component in paper machines, although during 

the years, modifications to blow-boxes and vacuum rolls have been done. Juppi [15] suggests 

a new vacuum roll construction with two vacuum chambers. 

The earliest record of a grooved roll found by the author of this thesis is Brafford’s [2] 

invention in 1971, where micro-grooves were introduced. The micro-grooved roll was 

intended to be used in the forming section of the paper machine to eliminate opening nip 

underpressure. A grooved roll with deep grooves was introduced in 2005 by Kurki & 

Martikainen [23, 24]. This type of grooved roll is studied in this thesis. 

Computational fluid dynamics is used as a tool to study fluid flows in web handling 

devices. In the area of paper machinery, there are many examples of studies where CFD 

analysis has been successfully utilized. Karlsson [18] used CFD in 1989 to solve the airflows 

in the paper machine drying pocket, and so did Pakarinen et al. [41]. Zagar [48] simulated in 

1996 the air flotation dryer in order to understand web stability phenomena. Widlund et al. 

[51] compared results obtained by laser-doppler velocimetry (LDV) and CFD results in the 

paper machine dryer section. In 2001, Juppi [15] and Laakkonen [27] used CFD to analyze 

the dryer pocket. Multi-physics simulations, such as fluid structure interaction (FSI) are 

becoming more common [13]. 

1.2 Motivation 

Runnability and energy consumption are important factors when considering improvements to 

the paper machine construction. In modern high speed paper machines, the interaction of 

boundary layer flows on the rolls, fabrics and paper web often results in an undesirable 

pressure development at nip regions, ultimately causing an uncontrolled motion of the paper 

web, i.e. runnability problems [7, 19, 28, 41]. Figure 5 shows problematic areas with 

overpressure and negative pressure caused by boundary layer flows at the paper and fabric 

surfaces. 
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Figure 5: Runnability problems in a dryer group [19, 7]. 

The runnability issue can be mitigated by using the so-called vacuum roll construction 

and a high velocity blow-box, namely Uno-Run [19]. The vacuum roll and blow-box create the 

required pressure profile over the paper web at the opening and closing nips of the drying 

section of the paper machine. The surface of the vacuum roll is grooved with low grooves, 

and the groove bottoms are perforated (see Figure 6b) [19, 42]. Suction through the roll 

removes the excess air from the closing nip, improving the runnability. A high velocity blow-

box, on the other hand, increases the underpressure within the pocket area, keeping the paper 

attached to the fabric. In Figure 6a, a basic single-run dryer group is shown.  

 

Figure 6: a) Single-run dryer group with a 
vacuum roll and a high-velocity blow box 
between the two drying cylinders [19],  

 

 

b) A vacuum roll [19]. 
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A significant drawback of the vacuum roll construction is its high operational cost, 

caused by the production of suction air for the vacuum roll. The need for energy efficiency 

raises the question of whether there is a way to improve the vacuum roll construction by 

changing its aerodynamic functionality. Juppi suggests a new vacuum roll construction where 

suction is divided in two adjustable sections [15]. The third section is located in the open area 

blocked with a seal to prevent the ambient air from flowing into the vacuum roll [15]. The 

results show that the construction improves the runnability in high speed paper machines [15]. 

A downside of the construction is the need for higher underpressure and more complicated 

construction compared to The Uno-Run single-run dryer group. 

The grooved rolls introduced by Kurki & Martikainen [22] may be a replacement for the 

widely used vacuum rolls in improving the runnability and lowering the energy consumption 

in high speed paper machines. The vacuum and grooved rolls have the same goal, to create a 

pressure difference over the web to keep the web attached to the fabric surface. The difference 

in the function principle is how the underpressure is created. The vacuum roll needs an 

external fan and ducts to remove the air from the suction roll. The grooved roll creates 

underpressure to grooves without any external fan [22]. The grooved roll construction in the 

dryer group needs modifications in the blow-box as well, which is not included in this 

research.  

Changing the vacuum rolls to grooved rolls in the paper machine will save energy. The 

vacuum roll shell pressure loss is 2000 Pa, and the volume flow through the roll shell is 

800m³/h per meter of machine width [19]. Assuming that the same amount of air is moved 

from the drying pocket as the vacuum roll moves, the energy saving is approximately 0.45kW 

per meter of paper machine width. In a present-day high capacity paper machine with thirty 

grooved rolls, paper width of eleven meters and running time 7200 hours, the energy saving is 

1080 MWh. The changes in the fan efficiency due to smaller pressure increase have not been 

considered. 

How does a grooved roll work and what are its important parameters? What is the 

optimal groove size? Research around the aerodynamic functionality of rolls with deep 

grooves is not abundant. 3D CFD simulations of grooved rolls in large paper machine 

sections are not feasible with present-day computational or modeling resources. In order to 

avoid detailed 3D modeling of the groove, a reasonably simplified model is needed. Such a 
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model would provide a means to study the grooved rolls in large and complicated geometries 

based on actual paper machine sections. New grooved roll applications could be created with 

the help of the new model. Furthermore, benefits for product development can be obtained by 

using numerical simulations. In other words, this means fewer prototypes and faster product 

development cycles with a smaller financial budget. From the measurement point of view, 

phenomena that cannot be measured can be seen with computational models of the paper 

machine. 

1.3 Objectives 

The research work presented in this thesis is focused on studying the aerodynamic 

functionality of the deep grooved roll interacting with an impermeable wall with a small and a 

large wrap angle. A comparison with a smooth roll is made. The tail threading condition 

where the grooved roll and a permeable wall, namely fabric, interact with each other with a 

large wrap angle is studied as well. The roll radius, groove size, rotation speed, boundary 

layer flow development length, fabric permeability, and wrap angle are important variables. 

Air velocities, as well as the pressure in the grooves and nip areas are also studied, in order to 

understand how the grooved roll works. The opening and closing nips are studied with the 

help of smooth roll models. 

Computational fluid dynamics (CFD) simulations are used as the research tool. 3D CFD 

simulations of grooved rolls in large paper machine sections are not feasible with present-day 

computational or modeling resources. A reasonably simplified 2D grooved roll CFD model, 

with a grooved roll simulation tool (GRT), is developed. The grooved roll simulation tool is 

able to capture the minor losses and the friction flow losses similarly to a 3D grooved roll 

CFD model. In this case minor losses refer to the pipe flow terminology, for example flow 

losses due to sudden expansions and contractions or pipe entrance and exit [50]. 

The simulation results with the groove roll simulation tool and 3D grooved roll CFD 

models are validated with laboratory scale measurements. The grooved roll measurement 

setup includes the conditions where the grooved roll is partly covered with a permeable 

drying fabric or an impermeable smooth surface. The wrap angle is 180 degrees. 

This thesis offers new knowledge: 

• for understanding the physical phenomena that govern the operation of grooved rolls, 
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• by developing a grooved roll simulation tool for simulating complex grooved roll 

constructions with present-day computational and modeling resources. 

The grooved roll simulation tool does not include FSI, or heat and mass transfer 

simulations. The used fabric models are based on the work of Laakkonen [26]. The cross-

directional air flows cannot be solved with the grooved roll simulation tool. In future 

development work, expansion of the grooved roll simulation tool to a full 3D grooved roll 

CFD model including side leakage and cross-directional air flows will be in focus. 

The author of this thesis has derived the presented equations, conducted and analyzed the 

results of the numerical simulations, and analyzed the measurement data. The laboratory scale 

measurements have been done by Dr J. Leimu and his staff at Turku University of Applied 

Sciences (TUAS) in summer and autumn 2009. 

The thesis is divided to five main chapters: introduction, model development, model 

validation, discussion and conclusions. Introduction provides insights into previous studies 

made in this research area, as well as argumentation on why the work has been done. The 

second chapter, model development, describes the smooth and grooved roll aerodynamic 

functionality and the theory behind it. CFD simulation results are compared to analytical 

solutions. The third part is model validation, focusing on measurements and CFD model 

validation. The last two chapters, discussion and conclusions are final remarks. 

Two conference papers have been written during the groove roll project: “Comparison of 

aerodynamics between a smooth and grooved roll interacting with a rigid impermeable 

horizontal wall“[38] and “Modeling grooved rolls with moving 2D porous media” [39]. M.Sc 

Simo Nurmi, the corresponding author of these papers, was in charge of the preparation of the 

papers and conducting the numerical simulations. Revisions of the conference papers were 

made with the help of M.Sc F. Bergström, Dr E. Immonen, Dr A. Lehtinen, Dr K. Juppi and 

Dr L. Martinsson. Besides the results of reported in the above conference papers, this thesis 

contains work by the author that has not been published earlier. The laboratory scale 

measurements have been done by Dr J. Leimu and his staff at Turku University of Applied 

Sciences (TUAS) in summer and autumn 2009. This research supports other research 

approaches, such as heat transfer and fluid structure interaction. 
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1.4 Previous studies 

There are several different research approaches in the area of web handling: winding, nip 

mechanics, web tension control, air entrainment, and friction, among others. When 

considering fluid mechanics in the interaction of rolls and moving surfaces, the starting point 

is the boundary layer flows. The boundary layer flows create overpressure in the closing nips, 

which might detach the web from the roll or the fabric surface. In the worst case this will lead 

to loss of traction between the web and the roll, wrinkling, or to web breaks. In the field of 

paper machine research, an overview on boundary layer flows can be found in Juppi’s [15] 

thesis. Simulations and measurements of the boundary layer flow and flow through the 

permeable fabric with rough fabric surfaces are the basis of Laakkonen’s [26] work. 

Laakkonen [25, 26, 27] has developed a large scale fabric model based on small scale 

simulations with actual fabric geometry. The model uses the moving porous media approach 

to characterize important fabric properties in a large scale paper machine model [26]. 

Measurements were made in a wind tunnel in order to validate the developed model. In the 

present thesis, Laakkonen’s fabric model is used to simulate the permeable wall, especially 

the tail threading condition. 

An analytical solution for the pressure development in the closing nip region with a 

smooth roll can be found in a study of Karlsson [18]. The model assumes that the boundary 

layer flows from the web and roll surface create an impulse force to the closing nip when the 

air flow speed is decelerated to zero. Karlsson applies kinematic terms of Navier-Stokes 

equations. Air entrainment between the roll and the moving wall is excluded from Karlsson’s 

study. His results have been later used by Juppi [15] and Kurki [21]. Kurki [21] considers also 

the viscous pressure term in the closing nip derived from Navier-Stokes equations, shown in 

Equation 1 [21]. 

 3

216

x

rv
p xaa

visc

νρ
=  (1) 

In Figure 7, the static pressure is schematically presented as a function of distance from 

the nip contact point. The kinematic and viscous pressure development is now taken into 

account. Viscous pressure development affects in the area close to the contact point where the 

flow is laminar [21]. Kurki [21] points out that pressure levels lead to infinite at the contact 
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point, which is not possible in real systems, due to the paper permeability, air entrainment and 

air flows to the cross direction. 

 

Figure 7: Viscous and kinematic pressure development at the closing nip [21]. 

Opening nip air flow properties have been studied in [21] and [30]. Kurki [21] has 

derived an equation for the opening nip pressure behavior as a function of roll radius, web 

velocity and distance from the nip. He assumes that the flow is a laminar Couette flow with a 

parabolic velocity profile without air leakage to the nip. This analytical solution leads to 

unrealistic pressure profiles because of the idealized assumption. Widlund et al. [51] have 

measured and simulated with CFD, dryer cylinder opening nip velocity profiles with dryer 

fabric and paper. Their results show clearly that the outflows from the nip are caused by the 

developing boundary layer flows, and the inflow fills the opening nip underpressure. 

Measurement results of the cylinder and dryer fabric opening nip are shown in Figure 8 [51]. 

The highest inflow is measured with coated dense fabric with low permeability. 
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Figure 8: Air flow at opening nip presented with velocity vectors [51]. 

Leimu [30] used computational fluid dynamics to simulate the opening nip in order to get 

quantitative values for the pressure. Compressible and incompressible models were tested, as 

well as air leakage in the nip. Air entrainment between the rotating roll and the web affects 

the traction, as well as the air leakage to the opening nip with a small wrap angle. In the 

present thesis, solutions for aerodynamic properties in a closing and opening nip are coupled 

and solved with CFD simulations. 

In real web handling configurations, the web deformation and interaction with the 

surrounding air in the closing and opening nip have an important role. The estimation of web 

deformations is becoming more common in web handling. Runnability issues, such as web 

flutter [17, 46], air entrainment [5], and wrinkling [9] can be simulated by using fluid-

structure interaction (FSI) simulation. Nurmi et al. [40] have simulated web flotation and 

aerodynamic instabilities in a flotation dryer. The goal was to develop a model to predict the 

propagation of stress waves in a viscoelastic thin web. Müftü has studied the mechanics of 

thin, flexible, translating media from different viewpoints by using FSI [33, 34, 37]. Kurki 

[21] and Kurki & Åkerholm [23] have also developed FSI-simulation tools and methods for 

paper machine environments. Kurki’s web model is nonlinear, covering the web flutter and 

tension modeling in long free draws. The most recent FSI-tool, presented by Immonen et al. 

[13, 14], solves the paper and fabric deflections separately in cases where the web is 
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supported by the fabric. Displacements are calculated based on the local pressure differences, 

gravity, adhesion, and centrifugal forces, and on a given set of boundary conditions [14]. In 

the model of Immonen et al., the tension can be different in the web and the fabric. The FSI-

tool has been built for a commercial CFD solver and it can be used in complex and modern 

single-run paper machine drying section simulations [14]. Leimu has studied the opening nip 

web deformation with an element model by changing the web tension and adhesion between 

the web and the drying cylinder [29, 30]. The model is validated with experiments. In the 

present thesis, FSI simulations are not discussed, they are presented here to remind of the 

complexity of web handling problems as a future challenge. 

Air entrainment in winding, as well as between the roll and moving wall, has been 

studied by various researchers. Hashimoto has derived an equation for the air film thickness 

between the web and the roll by using the finite width compressible foil bearing theory [11]. 

The entrained air lowers the traction between the roll and the web. A review of air 

entrainment and traction can be found in [45] and [32]. The gap throttle effect has been 

introduced by Welp et al. [53] [54] as an application to prevent air entrainment to the closing 

nips of rolls. The gap throttle effect is created with a small stationary foil construction located 

in the closing nip. The functionality of the foil is based on the viscous losses affected by the 

stationary wall [54]. In winding applications, the gap throttle foil stabilizes the web, allows 

higher winding speed, and increases the radial tension in the wound rolls [54]. 

Side leakage and permeable web are factors increasing the traction by allowing the 

entrained air to escape. Web permeability has been studied by Ducotey & Good [5] and 

Hashimoto & Okajima [10]. They conclude that permeability decreases the air film thickness. 

A comparison between measurements and the developed models show that the agreement is 

reasonable. Müftü & Altan [36] have introduced a steady-state air lubrication model with a 

permeable web moving over cylindrical guide. Their model seems to work only with very 

high fiber fractions [36]. 

Another approach to increase the traction is to use circumferential micro grooves on the 

roll surface. In this case, the entrained air flows into the groove and the asperity contact 

increases, which can be seen as increased traction [6]. The groove height is typically 100-200 

µm in applications improving traction [6, 9]. The latest study of Hashimoto & Hikita [9] 

shows the importance of tension control and the roll micro-grooves in reducing web slippage 



and wrinkling. In the winding of the web,

wound rolls by letting the entrained air pass through the nip 

function principle in the winding applications for 

groove [44]. In the venta-groove, the web does not bend into the groove

ballooning effect with the web in the wound roll 

Figure 9: The effect of reel drum grooving in winding 

A roll with deep grooves, shown in 

Martikainen in 2005 [22]. Their article presents insights into how gr

pressurize the grooves and thus improve the runnability in a single

Measurements with a pilot machine and CFD are compared to each other. According to Kurki 

& Martikainen, the pressure development follows adaptively t

does not include minor or viscous flow losses.

From the numerical modeling point of view, the paper drying models introduced by 

Bergström et al. [1] and Lehtinen 

constructions, including a 2D grooved roll model

product development tools to enhance paper drying. Both models calculate the heat and mass 

transfer in paper and between paper surfaces.

not considered as variables. In future grooved roll development work

will be considered as model features.

Reel drum 

. In the winding of the web, grooved rolls are used to prevent air bags in the 

wound rolls by letting the entrained air pass through the nip [44]. Figure 

n principle in the winding applications for the so called venta-groove

groove, the web does not bend into the groove, which may lead to 

ballooning effect with the web in the wound roll [44]. 

: The effect of reel drum grooving in winding [44

A roll with deep grooves, shown in Figure 1a, has been introduced by Kurki and 

. Their article presents insights into how grooved rolls can under

grooves and thus improve the runnability in a single

Measurements with a pilot machine and CFD are compared to each other. According to Kurki 

the pressure development follows adaptively the Bernoulli equation

does not include minor or viscous flow losses. 

numerical modeling point of view, the paper drying models introduced by 

and Lehtinen et al. [28] can be used to evaluate different dryer group 

2D grooved roll model. The models have been 

product development tools to enhance paper drying. Both models calculate the heat and mass 

transfer in paper and between paper surfaces. In the present thesis, heat and mass tr

not considered as variables. In future grooved roll development work, heat and mass transfer 

will be considered as model features. 
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Figure 9 shows the main 
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2 MODEL DEVELOPMENT 

Rotating rolls and moving surfaces create boundary layer flows, which is an important factor 

when considering the aerodynamics of smooth or grooved rolls. It is important to be able to 

control the boundary layer flows with web handling applications. In Section 2.1, a smooth roll 

interacting with an impermeable horizontal wall is analyzed by means of theoretical and 

computational fluid dynamics approaches. The closing and opening nips of the smooth rolls, 

as well as the pressure development in the nips are discussed in separate subsections. 

In Section 2.2, grooved rolls are introduced. The functionality of the grooved roll is 

studied in order to understand the factors affecting the aerodynamics of the roll. A simulation 

tool which enables simulating the grooved roll in the paper machine scale is introduced in 

Section 2.3. In real life, paper webs or paper machine fabrics are not impermeable. Therefore, 

a grooved roll interacting with permeable fabric is considered as well. The permeable fabric is 

simulated with the method introduced by Laakkonen [25]. 

Section 2.4 includes a short description of applied computational fluid dynamics and 

analysis of the convergence and numerical accuracy. 

2.1 Smooth roll 

2.1.1 Air flows in nip areas 

Moving walls and rotating rolls develop boundary layer flows on their surfaces. When the 

flows approach the nip area, the flow reverses its direction partly, creating backflow and 

increasing the static pressure at the closing nip. At the opening nip, the boundary layer flows 

start to develop on the surfaces and transport air away from the nip, creating underpressure. 

This underpressure causes inflow into the opening nip. The air flow opposite the boundary 

layer flows is defined as backflow in the closing nip and inflow in the opening nip. From the 

web handling point of view, high over- and underpressures in the nip areas are not desirable. 

Analytical and computational models with smooth rolls are presented in the following 

two chapters. The examined properties are pressure development comparison, and the flow 

direction and velocity profiles in the closing and opening nips. In Figure 10, the air flow 

behavior, as well as the turbulent and laminar flow areas at the closing and opening nips is 

shown schematically [21]. 
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Figure 10: Air flow at closing and opening nip, redrawn from [21]. 

A simple CFD model, shown in Figure 11, has been created to present velocity profiles 

and flow behavior in the closing and opening nips. The model consists of a horizontal wall 

with boundary layer development length L and rotating cylinder with radius R, The velocity 

profiles are shown in Sections 2.1.2 for the closing nips and in 2.1.3 for the opening nips. In 

the CFD model, the boundary layer development length has been chosen to be 1, 2 and 3m. A 

vertical wall is placed on the left hand side of the roll in order to eliminate disturbances and to 

reset the boundary layer flow. This model is assumed to be infinitely wide (2D), and thus side 

leakage is not included. The surfaces are hydraulically smooth and impermeable. The tension 

in the wall is assumed to be infinite; therefore the wall shape does not change when the wall 

travels past the roll. The pressure inlet boundary condition is set in the left, right and bottom 

boundaries with turbulent kinetic energy 1 m2/s2 and turbulent dissipation rate 1 m2/s3 values. 

The model is shown with nomenclature in Figure 11. Number 1 shows the places where the 

boundary layers start to grow, and number 2 is the closing nip region where the boundary 

layer flows collide. 

 

Figure 11: Boundary layer development in the case of a moving horizontal wall and smooth 
roll, with nomenclature. 
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For the evaluation of the velocity profile, the dimensionless nip gap h* is shown in Figure 

11 and defined in Equation (2) 

 
'

*
h

h
h = , (2) 

where h is the distance from the roll wall perpendicular to the direction of the horizontal wall, 

and h’ is the total length of the nip gap. On the roll wall h* is 0 and at the fabric surface h* is 

1. The velocity profiles are captured from the opening and closing nips. The angle α is 0° at 

the tangent point and starts to increase on both sides of the opening or the closing nip. Le,h is 

the constant air entrainment height, chosen to be 100 µm based on air entrainment studies, 

and it is used for all smooth roll CFD models. 

Turbulence in the nip gap is an interesting issue. The air flow in the nip area can be 

modeled as flow between two convergent plates. The hydraulic diameter dh is then twice the 

distance between the plates. In the present case dh has been chosen to be 2h’. In the pipe 

flows, the main flow direction is usually unidirectional. In the closing nip area there are bi-

directional flows, boundary layer flows and backflow. In the opening nip, the boundary layer 

flows start to develop from the nip, and inflow fulfills the nip underpressure (see Figure 10). 

The absolute value of the tangential velocity vt along the h* path line is used in the calculation 

of the Reynolds number Re shown in Equation (3) 

 
a

ta hv

µ

ρ '2
Re = , (3) 

where ρa is air density and µa is air viscosity. 

2.1.2 Closing nip 

An analytic solution for the closing nip pressure is shown in Equation (4) [18] 
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where 25.0 xavd vp ρ= , αin is the angle from tangent point away from the closing nip, cef is the 

skin friction coefficient, L is the boundary layer development length, r is the roll radius, vx is 

surface velocity, and ρa is air density. A derivation of the equation (4) can be found in [18]. 

Karlsson [18] assumes that the boundary layer flows are decelerated in the closing nip, and 
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that an impulse force creates the pressure. 

not considered. Air is not allowed to flow from the closing nip through the tangent point to 

the opening nip in the analytic solution. 

A comparison of static pressure curves of 

Section 2.1.4. 

The air flow simulation with the 

horizontal wall described in Section 

Figure 10. In the geometry used, 

surface velocity vx and boundary layer development length 

In Figure 12a, the surface velocity

from the closing nip gap shows that the backflow starts from the area between 3° and 4°

where tangential velocity vt 

Figure 12b illustrates that the backflow becomes stronger when the surface velocities are 

increased. The variation in tangential velocity is between 

velocity profiles, the negative tangential velocity 

phenomenon is shown in Figure 

Figure 12: a) Velocity profiles from 
closing nip angles 2°-10°, 

Changes in the boundary layer development lengths 

profiles when αin > 10°, which is caused by the stronger boundary layer

the backflow breaks the boundary layer flows. 

from models where L is varied between 

curves are almost identical.  

impulse force creates the pressure. In another words, backflow from the 

Air is not allowed to flow from the closing nip through the tangent point to 

he opening nip in the analytic solution. Note that as ∞→→ )(,0 αα p , which is unrealistic. 

static pressure curves of the analytical and CFD model

with the CFD model of the closing nip with a 

described in Section 2.1.1, reveals similar aerodynamic behavior as 

used, the roll radius r is constant R, whereas t

boundary layer development length L are variables. 

the surface velocity vx is 1500 m/min and L is 3 m. The velocity profiles 

from the closing nip gap shows that the backflow starts from the area between 3° and 4°

 is smaller than zero. This area is named as backflow origin. 

he backflow becomes stronger when the surface velocities are 

increased. The variation in tangential velocity is between -2 to -4.7 m/s. In the closing nip 

the negative tangential velocity sign designates the backflow direction. This 

Figure 12b. 

 

Velocity profiles from the b) Variation of surface velocities.

the boundary layer development lengths L can be seen to affect

which is caused by the stronger boundary layer flows

the backflow breaks the boundary layer flows. In Figure 13a, the curves at 

is varied between 1 to 3 m, namely L1, L2 and L3. The 

flow from the closing nip is 

Air is not allowed to flow from the closing nip through the tangent point to 

which is unrealistic. 

CFD models is presented in 

a smooth roll and a 

reveals similar aerodynamic behavior as shown in 

whereas the wall and roll 

 

is 3 m. The velocity profiles 

from the closing nip gap shows that the backflow starts from the area between 3° and 4° 

This area is named as backflow origin. 

he backflow becomes stronger when the surface velocities are 

4.7 m/s. In the closing nip 

the backflow direction. This 

 

Variation of surface velocities. 

can be seen to affect the velocity 

flows. When αin < 10°, 

the curves at αin = 10° are taken 

The velocity profile 



According to the simulation model

boundary layer development length is changed

predicts pressure changes in the closing nip when

CFD model simulation results

the boundary layer flows, and the static pressure increase

In Figure 13b, the static pressure curves are shown as a function of 

curve is the continuous black line, L2 is 

Figure 13: a) Velocity profile at 
varying L from 1 to 3m, 

With larger nip angles α

boundary layer thickness can be seen. Close to the horizontal wall

larger when L = 3 m, which is in agreeme

the velocity profile is distorted 

Figure 14: a) Velocity profile at 
varying L from 1 to 3m, 

Evaluation of the turbulence in the closing nip 

the closing nip explained in 
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the simulation models, the closing nip pressures are 

boundary layer development length is changed. In this light, Karlsson’s theory 

nges in the closing nip when L is changed, should be questioned

simulation results show that the backflow coming from the closing 

and the static pressure increases only two Pascals 

the static pressure curves are shown as a function of the 

curve is the continuous black line, L2 is marked with the plus sign, and L3 with

 

Velocity profile at αin = 10°, b) Static pressure on wall surface with 
variation of L from 1 to 3m.

αin 20° and 30°, shown in Figures 14a and 

boundary layer thickness can be seen. Close to the horizontal wall, the tangential velocity is 

which is in agreement with boundary layer theories, according to which

he velocity profile is distorted closer to the wall (when L = 1 m). 

 

Velocity profile at αin = 20°, b) Velocity profile at αin = 30°, varying 
from 1 to 3m. 
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the closing nip pressures are identical when the 

Karlsson’s theory [18], which 

should be questioned. The 

from the closing nip disturbs 

ls in the closing nip. 

the nip angle. The L1 

and L3 with the x-sign. 

 

Static pressure on wall surface with 
from 1 to 3m. 

and b, changes in the 

tangential velocity is 

nt with boundary layer theories, according to which 

 

= 30°, varying L 

he Reynolds number in 

is calculated with Equation 3. In Figure 15, the 
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Reynolds number Re is presented 

velocities are varied from 1000 m/min to 2500 m/min. 

follows: L is 3 m and the roll radius 

flow changes from turbulent to laminar. With the lowest velocity

11.4°, and with the highest velocity it is 6.8

4200) is wider with the lowest velocity.

at Re = 4200. A closer examination 

(swirl) compared to the other curves.

Figure 15: Closing nip turbulence

Figure 16 presents the velocity vectors from the closing nip

magnitude. The velocity profiles at

boundary layer flows more along the surfaces and 

backflow is shown. The velocity vectors clearly show

where it flows from right to left.
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is presented as a function of the closing nip angle 

ies are varied from 1000 m/min to 2500 m/min. The computational

roll radius r is R. The surface velocities affect the points when the 

changes from turbulent to laminar. With the lowest velocity, transition to laminar is at 

and with the highest velocity it is 6.8°. The turbulence transition zone (2300

lowest velocity. In the curve of 1500 m/min, an exception 

at Re = 4200. A closer examination of the result shows small differences in flow structures 

other curves. 

: Closing nip turbulence varying the surface velocity

presents the velocity vectors from the closing nip, colored by the velocity 

ty profiles at 10°, 20° and 30° are shown with dotted lines. 

along the surfaces and mixes at the closing nip. The o

elocity vectors clearly show backflow in the middle of the nip

from right to left. 
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small differences in flow structures 

 

varying the surface velocity. 

colored by the velocity 

30° are shown with dotted lines. The 

the closing nip. The origin of the 

backflow in the middle of the nip, 
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Figure 16: Air flow at the closing nip presented with velocity vectors. 

2.1.3 Opening nip 

Kurki has derived the analytical opening nip pressure assuming that the air flow is a laminar 

Couette flow with a parabolic velocity profile without air leakage to the nip. The opening nip 

pressure is given by Equation (5) [21]. 

 
3

2

3
8

)(
x

rva
xp xaa µρ

= , x > 0, (5) 

where a is an empirical coefficient 6, µa is air viscosity, and x is the distance from the nip. 

Note that for 0 as )( →∞→ xxp , which is unrealistic. 

At the opening nip, the boundary layers start to grow, and the changes in the boundary 

layer development length on the closing nip side do not affect the opening nip side flows. The 

velocity profiles are used to describe the flow, similar to the closing nip. A negative tangential 

velocity indicates inflow directed towards the opening nip. As a comparison, the maximum 

value of the inflow at opening nip with 10° angle is -2.0 m/s, whereas in the closing nip side it 

is -2.8 m/s. In Figure 17a, the opening nip velocity profiles are shown with different opening 

nip angles. The used CFD model geometry was described in Section 2.1.1. The curve shapes 

are slightly flat-headed, compared to the closing nip curves. Widlund [51] has measured the 

opening nip velocity profile with the smooth roll and permeable fabric showing similar 

velocity profiles. The effect of surface velocity changes can be seen in Figure 17b. When the 

velocity is increased, the inflow increases as well. 
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Boundary layer flow 
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Figure 17: a) Air Velocity profiles f
the opening nip angles 2°-10°,

A comparison of the opening and closing nip Reynolds numbers as a function of nip 

angle shows differences when

Reynolds number is larger when 

stronger boundary layer flows at 

exception can be seen at 9 < 

differences in the flow structures.

Figure 18: Comparison of the closing and opening nip 

In Figure 19, the velocity vectors illustrate

develop from the nip. Inflow can be seen between the developing boundary layers

opening nip underpressure area near the roll and horizontal wall tangent point.
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b) Variation of surface velocities.

A comparison of the opening and closing nip Reynolds numbers as a function of nip 

when the angles are larger than 8°, see Figure 18

Reynolds number is larger when α > 11.4° compared to the opening nip

stronger boundary layer flows at the closing nip surfaces. In the closing nip curve, an 

exception can be seen at 9 < α > 10.5°. A closer examination of the result 

uctures. 

omparison of the closing and opening nip turbulence with velocity of 1500 
m/min. 

the velocity vectors illustrate opening nip boundary layer flows star

nflow can be seen between the developing boundary layers

opening nip underpressure area near the roll and horizontal wall tangent point.
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> 10.5°. A closer examination of the result shows small 

 

with velocity of 1500 
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Figure 19: Air flow at the opening nip presented with velocity vectors. 

2.1.4 Static pressure at the closing and opening nips 

Pressure curves calculated with the 2D smooth roll CFD model with small wrap angle are 

presented and compared to theoretical ones. In the CFD model, the variables are velocity and 

roll radii. The theoretical pressure curves have been obtained by using Equation (4) for the 

closing nip, and Equation (5) for the opening nip. Figure 20 and Figure 21 are the first results 

published by the author of this thesis [38] where the closing and the opening nip solutions are 

coupled. 

The closing nip x-coordinates are -0.15 < x < 0 m, and those of the opening nip 0 < x < 

0.15m. The flow development length L is 3 m, and the surface velocity 2000 m/min. The air 

density ρa is 1.17 kg/m³ and viscosity µa is 1.5 x 10-5 kg/ms. The roll diameters represent 

typical roll sizes in a paper machine. The pressure curves have been taken from the horizontal 

wall surface, where the tangent point is located at x = 0. 

With a small roll radius, the area of the affecting pressure is smaller than for a large roll 

radius. In the case of a large roll, the nip areas are longer. In the closing nip region, the theory 

overestimates the maximum pressure, and in the opening nip region the maximum 

underpressure. In the smooth roll, the air entrainment height Le,h of the CFD model is constant 

100 µm. The connection between the closing and opening nip is obvious; the pressure starts to 

decrease before the tangent point. Figure 20 shows static pressure as a function of the x-

coordinate. 
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Figure 20: Pressure distribution in the closing and opening nip with different roll radi

The variations of the wall and 

behavior: in the closing nip region

the surface velocity is increased

at smaller x values with higher velocities. 

pressure as a function of the wall 

Figure 21: Effect of surface velocity on 

The boundary layer flows are unavoidable near

the closing nip affects the runnability

increased air entrainment and web deformations.

closing nip is to guide the boundary layer flow away from the c

by using a grooved roll. 
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wall and the roll surface velocity clearly show the pressure 

region, the maximum pressure and affecting area increase when 

e surface velocity is increased, and the maximum and minimum nip pressures are achieved 

values with higher velocities. Figure 21 presents the closing and

wall x-coordinate. 

surface velocity on the pressure distribution with the 

yer flows are unavoidable near the moving surfaces. The overpressu

runnability, which can be seen in the real web handling device as 

increased air entrainment and web deformations. One possibility to avoid overpressure in the 

closing nip is to guide the boundary layer flow away from the closing nip or through the nip 
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2.2 3D grooved roll 

A micro-grooved roll has been proven to lower the air entrainment [6] and improve the 

traction [9]. When the surface velocities are high, the boundary layer flows increase. The 

groove size is an important factor when considering air entrainment and closing nip 

overpressure, which are not desired features. A grooved roll surface offers a route for the 

boundary layer flow to escape from the narrowing nip area; and therefore the closing nip 

overpressure reduces. The grooved roll has been noticed to create underpressure to grooves 

covered with fabric or paper web [22]. The boundary layer flow experiences minor and 

viscous flow losses when traveling through the nips and groove. In the following, the 

aerodynamic functionality of the grooved roll is introduced. 

The grooved roll CFD model-geometry is a three-dimensional “slice”, which consists of a 

wall on top, a half groove and a half of a roll land with symmetric (reflection) boundary 

conditions. This simplification reduces the computational effort without compromising 

accuracy. The CFD model describes the roll and wall as infinitely wide, capturing entrance, 

exit, and friction effects between the groove and the surrounding air. The moving wall tension 

is assumed to be infinite, referring to discussion related to fluid structure interaction 

simulation in Section 1.4. The grooved roll configuration with nomenclature is presented in 

Figure 22. Lg,h is groove height, Lg,w is groove width, Ll,w is roll land width and Le,h is the gap 

between the roll land and the wall. 

 

Figure 22: 3-dimensional model for a grooved roll and the associated nomenclature and 
boundary conditions. 
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Air has two primary routes to reach the tangent point of the roll and wall: the first one 

(arrow 1 in Figures 22 and 23) is from within the roll groove. The second one (arrow 2 in 

Figures 22 and 23) is the flow along the wall to the closing nip, where the flow bends to the 

groove. Depending on the wall velocities, the development length of the boundary layer and 

the groove geometry, the air flow accelerates to a high speed at the tangent point. The air 

acceleration causes underpressure in the groove due to an increase of dynamic pressure. A 

challenge now arises: what are the flow losses in route 2? The flow experiences so called 

minor losses in the sudden contraction and change of flow direction. At the same time, the 

friction losses in the groove and the converging area between the wall and the groove land 

increase the flow losses. The assumption of frictionless flow cannot be made, and therefore 

the simple Bernoulli equation approach of Kurki [22] cannot explain these losses. In Figure 

23, a groove function principle and the causes of pressure losses is presented. Static pressure 

p1 is determined on the basis of the pressure losses in the nips and in the groove, as well as the 

driving forces coming from the boundary layer flows. 

,2

•

inV

,1

•

inV

,2

•

eV

,1

•

eV

Figure 23: Operating principle of the 3D grooved roll model with nomenclature. 

Subscript in stands for the closing nip flow, and e for the opening nip flow. Subscript 1 

stands for the flow in the groove, and 2 for boundary layer flow along the wall surface. Since 

the flow solutions are strongly coupled, the volume flows are the same at the closing and 

opening nip. According to the roll size, the groove geometry and boundary layer flows, the 

volume flow proportions change. On the closing nip side, the groove filling fraction Vf is 

defined as 
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where 
•

V  is the volume flow. Similarly, the groove emptying fraction Ve is 
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The flow characteristic Reynolds number in the groove is defined as  
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The relative velocity for air is defined as xarel vvv −= , where va is the air velocity in the 

groove, and vx is the wall velocity. The filling fraction Vf and emptying fraction Ve, as well as 

the Reynolds number Re and hydraulic diameter dh are used later in this thesis to evaluate the 

3D and 2D CFD simulation results. 

2.2.1 Flow losses due to entrance and exit 

The aerodynamic properties of the grooved roll at the closing and opening nips depend among 

other things, on the groove geometry, roll radius and surface velocity. The air flow path 

number 2 in Figure 23 depends on the minor losses. At the air flow entrance and exit, so 

called minor losses can be obtained from the 3D grooved roll CFD model. 

The defined grooved roll parameters are the groove filling angle αf at the filling point, the 

area weighted average pressure at wall wallp  (double dash dotted line) and near the groove 

top gp  (dash dotted line), shown in Figure 24. The groove filling angle αf is measured from 

the 3D grooved roll CFD model from the groove top at radius r, where radial velocity vrad is 

negative on the closing nip side, and on the opening nip side vrad is positive. The groove 

filling angle is counterclockwise positive, starting from the tangent point. The opening nip 

side pressures are defined in a similar manner. The subscript for the closing nip side filling is 

f, and for the opening nip side emptying, the subscript is e. 

The area for the affecting pressure is obtained on the basis of the filling angle at the 

groove top and wall surface. The curve length of the groove top affecting pressure area, 

denoted with gp , is used at the wall surface as the length of wallp . The average radial filling 

velocity radv  and average wall radial velocity component 1v  are measured from the 3D 

grooved roll CFD model. 
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Figure 24: The groove filling area with nomenclature. 

As the flow experiences friction and minor losses, the simple Bernoulli equation 

approach of Kurki [22] cannot explain these losses. Adding the minor loss term with the 

minor loss coefficient K to the Bernoulli equation yields 
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where y1= y2. The minor loss coefficient K can be solved from Equation (9) 
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The minor losses depend on the boundary layer flow and the groove size. In Figure 25, 

flow path lines are shown with a narrow and wide roll land. The used geometry is presented in 

Figure 22. With the wide roll land, the boundary layer flow has to change its direction more 

than with the narrow roll land.  
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Figure 25: The effect of the roll land on the 
flow path lines, a) a narrow roll land, 

 

b) a wide roll land. 

Air entrainment to the small gap between the web and the roll land generates an extra 

loss, which is difficult to define analytically because of the complex flow area. This 

phenomenon is similar to the case of the smooth roll opening and closing nip pressures. The 

3D grooved roll CFD model captures the boundary layer flow losses through the grooved roll 

nips and the groove. 

2.2.2 Flow friction losses in the groove 

The groove wall friction effects are calculated analytically with the equations of viscous fluid 

flow in ducts. This approach of calculating the flow friction losses in grooves is used in 

Section 2.3. The duct is assumed to be infinitely long and straight, with hydraulically smooth 

surfaces. The pressure gradient is 
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where s is the groove tangential coordinate, f is the friction coefficient and dh is defined as in 

Equation (8). The friction coefficient depends on the Reynolds number, and it is shown in 

Equation (12) [50]. 

 








<<=

<=

− 54
1

10Re4000Re316.0

2300Re                               
Re

64

turb

lam

f

f
 (12) 

Ll,w = 3mm 

Lg,w = 9mm 
Ll,w = 9mm 

Lg,w = 3mm 

Roll land 

Groove bottom 

Flow direction 
changes 



44 

2.2.3 Simulation results of th

The following results are based on 

pressure curves have been plotted from the horizontal wall surface as a mean value to the 

coordinate. In other words, at tangent point

seen. The tangent point of the model is at location x = 0. The flow development length (

m) is constant in the next simulation results

groove width and groove height

CFD model with nomenclature

In Figure 26, the surface velocities are changed. S

the x-coordinate. The roll radius is 

100 Pa for 2500 m/min. The minimum pressure is just after the tangent point, at the opening 

nip side. The variations in the pressure curves at 

minor losses where the wall is very close to the roll land. At x

development of overpressure to the closing nip side, which is not desirable for paper machine 

environments. Static pressure decreases at the tangent point when the dynamic pressure 

increases. The air flow is turbu

number Re varies between (1000 

tangent point clearly decreases with increased velocity.

nip increases when the velocity is increased.

Figure 26: Effect of velocity 

Groove height adjustment increases the cross

helps the boundary layer flows to fit into the grooves with lower pressure in the closing nip 
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Simulation results of the 3D grooved roll 

The following results are based on the 3D grooved roll CFD simulations described 

pressure curves have been plotted from the horizontal wall surface as a mean value to the 

coordinate. In other words, at tangent point, the effect of the roll land and 

seen. The tangent point of the model is at location x = 0. The flow development length (

simulation results. In the following, changes in surface velocities, 

height, as well as the roll radius are presented. T

with nomenclature is shown in Figure 22. 

, the surface velocities are changed. Static pressure is plotted as a function of 

coordinate. The roll radius is R. The maximum pressure on the closing nip side is around 

100 Pa for 2500 m/min. The minimum pressure is just after the tangent point, at the opening 

n the pressure curves at -0.02 < x < 0.0 m are related to friction and 

minor losses where the wall is very close to the roll land. At x < -0.10 there is some 

development of overpressure to the closing nip side, which is not desirable for paper machine 

ronments. Static pressure decreases at the tangent point when the dynamic pressure 

increases. The air flow is turbulent at the tangent point inside the groove. The Reynolds 

number Re varies between (1000 - 2500 m/min) 5000 and 11700. The static pressure at

creases with increased velocity. The positive pressure in the closing 

increases when the velocity is increased. 

: Effect of velocity vx on the pressure distribution.

ment increases the cross-sectional flow area in the grooves. This 

helps the boundary layer flows to fit into the grooves with lower pressure in the closing nip 
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simulations described above. The 

pressure curves have been plotted from the horizontal wall surface as a mean value to the z-

roll land and the groove can be 

seen. The tangent point of the model is at location x = 0. The flow development length (L = 3 

. In the following, changes in surface velocities, 

The 3D grooved roll 

tatic pressure is plotted as a function of 

. The maximum pressure on the closing nip side is around 

100 Pa for 2500 m/min. The minimum pressure is just after the tangent point, at the opening 

0.02 < x < 0.0 m are related to friction and 

0.10 there is some 

development of overpressure to the closing nip side, which is not desirable for paper machine 

ronments. Static pressure decreases at the tangent point when the dynamic pressure 

the groove. The Reynolds 

11700. The static pressure at the 

he positive pressure in the closing 

 

pressure distribution. 

sectional flow area in the grooves. This 

helps the boundary layer flows to fit into the grooves with lower pressure in the closing nip 

0.20



area. A roll with deeper grooves has 

and opening nip. The maximum underpressure at the tangent point is the same with groove 

heights 10 mm and 20 mm, but with groove height 5 mm, the underpressure is reduced. 

Figure 27a, the pressure distribution for

Comparison with the smooth roll reveals a 

The groove reduces the closing nip pressure 

The roll radius influences the 

underpressure area. From the web handling point of view, a wide underpressure area could be 

desirable. The maximum underpressure is the lowest with the smallest roll radius, but at the 

same level for the two larger 

distribution. 

Figure 27: a) Effect of groove height o
pressure distribution, 

Variations of groove width 

velocity are kept constant give

surface in the vicinity of the closing and opening nips. Based on 

width, the dimensionless measure groove fraction 
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and roll land measures are modified.
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area. A roll with deeper grooves has now a higher ability to move the air between the closing 

d opening nip. The maximum underpressure at the tangent point is the same with groove 

10 mm and 20 mm, but with groove height 5 mm, the underpressure is reduced. 

, the pressure distribution for three groove heights and a smooth roll is presented. 

Comparison with the smooth roll reveals a significant difference in the pressure development. 

The groove reduces the closing nip pressure closer to the ambient pressure. 

The roll radius influences the pressure distribution. A larger roll radius results in a wider 

underpressure area. From the web handling point of view, a wide underpressure area could be 

desirable. The maximum underpressure is the lowest with the smallest roll radius, but at the 

 rolls. Figure 27b shows the effect of roll radius o

 

Effect of groove height on the b) Effect of roll radius on the pressure 
distribution. 

Variations of groove width Lg,w and roll land Ll,w when the groove height 

velocity are kept constant give more information about the pressure distribution at the wall 
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width, the dimensionless measure groove fraction Gf is defined as in Equation (
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A wide groove compared to the roll land width gives beneficial results for the pressure 

distribution. The closing nip overpressure is lower without losing much of the underpressure 

at the tangent point. When the roll land is wide, the friction and minor losses at the nip areas 

increase, which affects the underpressure distribution. In Figures 28a and b

and roll land measures are modified. 
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higher ability to move the air between the closing 

d opening nip. The maximum underpressure at the tangent point is the same with groove 

10 mm and 20 mm, but with groove height 5 mm, the underpressure is reduced. In 

three groove heights and a smooth roll is presented. 

difference in the pressure development. 

ambient pressure.  

pressure distribution. A larger roll radius results in a wider 

underpressure area. From the web handling point of view, a wide underpressure area could be 

desirable. The maximum underpressure is the lowest with the smallest roll radius, but at the 

shows the effect of roll radius on the pressure 

 

the pressure 

when the groove height Lg,h and surface 

more information about the pressure distribution at the wall 

groove and the roll land 

is defined as in Equation (13) 

(13) 

eneficial results for the pressure 

distribution. The closing nip overpressure is lower without losing much of the underpressure 

at the tangent point. When the roll land is wide, the friction and minor losses at the nip areas 

b, the groove width 
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Figure 28: a) Effect of roll land 
pressure distribution, 

2.3 2D grooved roll simulation tool

The purpose for the grooved roll 

with a 2-dimensional model. In the 2D model

losses are modeled with porous media and por

the 2D grooved roll simulation tool (GRT). 

conditions is shown in Figure 

Figure 29: 2D grooved

The groove cross-sectional area is converted to 

height Leff. Rice [43] has used a similar method for effective groove height. This way the 

groove cross-sectional area and volume flow through the groove is the same with both 

grooved roll model and the 2D grooved roll

effective groove height Leff is 
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Effect of roll land on the b) Effect of groove width o
distribution. 

simulation tool 

grooved roll CFD simulation tool is to simulate 3D grooved roll effects

. In the 2D model, the groove height, width, friction and minor 

losses are modeled with porous media and porous jump boundary conditions. 

the 2D grooved roll simulation tool (GRT). The 2D grooved roll model with the boundary 

Figure 29. 

: 2D grooved roll model with boundary conditions and nomenclature.

sectional area is converted to the 2D model with effective groove 

has used a similar method for effective groove height. This way the 

and volume flow through the groove is the same with both 

2D grooved roll model. For a rectangular shaped groove

 

0.00 0.10 0.20

coordinate x [m]
-1800

-1300

-800

-300

200

-0.40 -0.20

S
ta

ti
c 

p
re

ss
u

re
 p

a
t 

w
a

ll
 [

P
a

]

Wall x-coordinate 

Gf=0.25
Gf=0.5
Gf=0.75

Ll,w = constant (3 mm) 
h = 10 mm 

vx = 2000 m/min 

 

on the pressure 

is to simulate 3D grooved roll effects 

the groove height, width, friction and minor 

ous jump boundary conditions. This is called 

The 2D grooved roll model with the boundary 

 

roll model with boundary conditions and nomenclature. 

with effective groove 

has used a similar method for effective groove height. This way the 

and volume flow through the groove is the same with both the 3D 

. For a rectangular shaped groove, the 
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coordinate x [m]

 



 

In Figure 30, the modification from the 3D groove to 2D effective groove height is 

presented from the cross direction point of view

Figure 30: Effective groove height 

The groove wall friction effects are calculated with the 

ducts. The surfaces are assumed to be hydraulically smooth.

term Ss is obtained with a second

and (12). The air velocity vs is chosen in

 

where D is the viscous loss term and 

explained in Section 2.2.1 is modeled in 2D by using the porous jump boundary condition

the outer surface of the grooved roll. The minor pressure loss expressed with 

boundary condition is 

 ∆

where α is the permeability of the medium, 

thickness of the medium [8]. The 2D model is not able to capture the flow area change in the 

axial direction of the roll, and 
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, the modification from the 3D groove to 2D effective groove height is 

from the cross direction point of view. 

ffective groove height modification with nomenclature.

oove wall friction effects are calculated with the equations of viscous fluid flow in

ducts. The surfaces are assumed to be hydraulically smooth. The grooved area friction source 

a second degree polynomial curve fit by combining Eq

is chosen in the range 0 to 30 m/s. The source term 

)( 2
sss vCvDS +−= , 

is the viscous loss term and C is the inertia loss term [8]. The minor pressure loss 

is modeled in 2D by using the porous jump boundary condition

the outer surface of the grooved roll. The minor pressure loss expressed with 

mvCvp radaDrad
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permeability of the medium, C2D the porous-jump coefficient, and 

. The 2D model is not able to capture the flow area change in the 

and therefore the minor loss coefficient K calcula
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(14) 

, the modification from the 3D groove to 2D effective groove height is 

 

with nomenclature. 

ons of viscous fluid flow in 

The grooved area friction source 

e fit by combining Equations (11) 

The source term Ss is 

(15) 

. The minor pressure loss 

is modeled in 2D by using the porous jump boundary condition in 

the outer surface of the grooved roll. The minor pressure loss expressed with the porous jump 

(16) 

jump coefficient, and ∆m is the 

. The 2D model is not able to capture the flow area change in the 

culated with the help 
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of the 3D grooved roll model has to be modified. Based on the continuity, the porous jump 

coefficient C2D is 

 22
f

D
G

K
C =  (17) 

In practice, the porous jump coefficient C2D is obtained experimentally. The volume flow 

of the 2D grooved roll model has to be equal to the corresponding 3D grooved roll model 

volume flow. A solution strategy for 2D grooved roll simulations is presented in Section 

2.3.2. 

2.3.1 Simulation results of the 2D grooved roll model 

In the following, CFD simulation results of a 3D and 2D grooved roll interacting with a 

moving horizontal wall are presented. In both CFD models, air is treated as ideal gas. The 

system is assumed adiabatic, where the temperature is T = 300K. The roll and wall surfaces 

are assumed to be hydraulically smooth. The volume flow through the 2D grooves are 

adjusted with the porous jump boundary condition (see Equation 16) to be the same as with 

the 3D grooved roll model. 

The pressure curves from the 3D grooved roll CFD model have been plotted from the 

horizontal wall surface as an area-weighted mean value to the z-coordinate. In other words, 

the effect of the roll land and the groove can be seen at the tangent point. The tangent point of 

the model is in location x = 0 or α = 0. The closing nip is located at x < 0, and the opening nip 

at x > 0. The flow development length (L = 3m) is constant in the 2D and 3D grooved roll 

models. In the following, changes in surface velocities, groove width and groove height, and 

the roll radius are presented. 

The filling of the groove is measured from the top of the groove. The groove filling point 

is where vrad,f = 0 and the filling angle is αf. Similarly, the emptying point is at vrad,e = 0, and 

the emptying angle is αe. In order to compare the radial velocities between the 2D and 3D 

grooved roll CFD models, the 2D radial velocity needs to be modified as shown in Equation 

(18). 

 
f

Drad

rad
G

v
v

2,*
=  (18) 



In Figure 31, the radial velocity at the groove top 

function of the roll angle α. A comparison of the radial velocity curves in 2D and 3D 

roll CFD models is shown as an example. The 3D 

continuous line and the 2D 

geometry is the reference point

seems to give almost the same radial velocity curve as the 3D model.

velocity on both nips can be found 

Figure 31: Radial velocity at the closing and opening nips with the 2D and 3D 

For each model, some characteristic values can be used to evaluate the groove 

performance and functionality. In

minor loss K for the 2D and 3D models

geometries in order to see the changes in 

geometry. The roll properties which are changed a

and bolded values. 

A comparison of the 2D and 3D 

linearly, overestimating systematically 3 degrees with the 2D model. The filling fraction and 

minor losses show that the friction 

and wall has a greater effect than assumed by the author of this thesis.

doubled, the 2D CFD model 

maintain the desired volume flow through the groove. It needs to be reminded that the used 

source term Ss is based on an assumption of groove friction shown in Equations 

which affects the flow parameters as well.
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, the radial velocity at the groove top is presented with nomenclature 

. A comparison of the radial velocity curves in 2D and 3D 

s is shown as an example. The 3D grooved roll CFD model

2D grooved roll CFD model with a dash-dotted line. The used 

ference point, where the roll radius is R. As a result, the 2D 

seems to give almost the same radial velocity curve as the 3D model. The maximum radial 

can be found approximately at the angle of 5°. 

Radial velocity at the closing and opening nips with the 2D and 3D 

For each model, some characteristic values can be used to evaluate the groove 

performance and functionality. In table 1, filling fraction Vf and angle αf, as well as the groove 

for the 2D and 3D models are shown. The rows present changes to 

to see the changes in the roll performance. The first row is the reference 

geometry. The roll properties which are changed are shown in the first column as underlined 

A comparison of the 2D and 3D CFD models reveals that the filling angle behaves rather 

linearly, overestimating systematically 3 degrees with the 2D model. The filling fraction and 

show that the friction in the very narrow closing nip area between the roll land 

than assumed by the author of this thesis. When the roll radius is 

 needs a significantly greater minor loss coefficient

maintain the desired volume flow through the groove. It needs to be reminded that the used 

is based on an assumption of groove friction shown in Equations 

the flow parameters as well. 
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is presented with nomenclature as a 

. A comparison of the radial velocity curves in 2D and 3D grooved 

CFD model is marked with a 

dotted line. The used 

As a result, the 2D CFD model 

The maximum radial 

 

Radial velocity at the closing and opening nips with the 2D and 3D CFD models. 

For each model, some characteristic values can be used to evaluate the groove 

, as well as the groove 

. The rows present changes to the roll 

roll performance. The first row is the reference 

re shown in the first column as underlined 

s reveals that the filling angle behaves rather 

linearly, overestimating systematically 3 degrees with the 2D model. The filling fraction and 

closing nip area between the roll land 

When the roll radius is 

needs a significantly greater minor loss coefficient in order to 

maintain the desired volume flow through the groove. It needs to be reminded that the used 

is based on an assumption of groove friction shown in Equations (11-12), 

30
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Table 1: Aerodynamic properties of selected 2D and 3D grooved roll models.

r-Lg,w-Ll,w-Lg,h-v Vf,3D

R-9-9-10-2000 0.460

R-9-9-10-1000 0.625

R -9-9-20-2000 0.563

2R-9-9-10-2000 0.308

R -3-9-10-2000 0.474

R -9-3-10-2000 0.639

In Figure 32, the surface velocities are varied. Static pressure is plotted as a function of 

the x-coordinate. The roll radius is 

dynamic pressure increases. The air flow is turbulent at the tangent point in the groove. The 

Reynolds number Re varies between (1000 

A comparison between the 2D and 3D 

< -0.02 and opening nip side x > 0.02m, the pressure curves are identical. The maximum 

pressure on the closing nip side is around 50 Pa for 2000 m/min for 2D and 3D 

which is not desirable for paper machine enviro

the tangent point, at the opening nip side with the 3D 

locates at the tangent point with the 2D 

< x < 0.02 m are related to the 

wall is very close to the roll land. At the tangent point, the 2D grooved roll 

underestimates the underpressure. The 2D grooved roll 

approach because of the porous media boundary conditions, and therefore small variations in 

the curves cannot be seen.  

Figure 32: Effect of velocity 
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Aerodynamic properties of selected 2D and 3D grooved roll models.

f,3D [-] Vf,2D [-] αf,3D [°] αf,2D [°] K [-] 

0.460 0.694 20.4 23.1 11.3 

0.625 0.692 18.9 22.3 11.7 

0.563 0.685 26.7 32.4 15.0 

0.308 0.705 13.8 17.0 5.5 

0.474 0.591 11.4 14.5 9.7 

0.639 0.707 25.2 29.2 21.7 

, the surface velocities are varied. Static pressure is plotted as a function of 

coordinate. The roll radius is R. Static pressure decreases at the tangent point when the 

dynamic pressure increases. The air flow is turbulent at the tangent point in the groove. The 

varies between (1000 - 2000 m/min) 5000 => 11700. 

A comparison between the 2D and 3D CFD models reveals that at the closing nip side x 

0.02 and opening nip side x > 0.02m, the pressure curves are identical. The maximum 

pressure on the closing nip side is around 50 Pa for 2000 m/min for 2D and 3D 

which is not desirable for paper machine environments. The minimum pressure is just after 

the tangent point, at the opening nip side with the 3D CFD model. The highest underpressure 

locates at the tangent point with the 2D CFD model. Variations in the pressure curves at 

the friction and minor losses with the 3D CFD model

wall is very close to the roll land. At the tangent point, the 2D grooved roll 

underestimates the underpressure. The 2D grooved roll CFD model 

the porous media boundary conditions, and therefore small variations in 

Effect of velocity vx on pressure distribution with the 2D and 3D models.
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Wall x-coordinate x [m]
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Aerodynamic properties of selected 2D and 3D grooved roll models. 

C2D,exp [-] 

24.4 

25.3 
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43.5 
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, the surface velocities are varied. Static pressure is plotted as a function of 

decreases at the tangent point when the 

dynamic pressure increases. The air flow is turbulent at the tangent point in the groove. The 

 

that at the closing nip side x 

0.02 and opening nip side x > 0.02m, the pressure curves are identical. The maximum 

pressure on the closing nip side is around 50 Pa for 2000 m/min for 2D and 3D CFD models, 

nments. The minimum pressure is just after 

. The highest underpressure 

. Variations in the pressure curves at -0.02 

CFD model, where the 

wall is very close to the roll land. At the tangent point, the 2D grooved roll CFD model 

 uses the averaged 

the porous media boundary conditions, and therefore small variations in 

 

pressure distribution with the 2D and 3D models. 
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Groove height adjustment increases the cros

helps the boundary layer flows to fit into the grooves with lower pressure in the closing nip 

area. A roll with deeper grooves 

and opening nip. The 2D and

slightly from the closing and opening nip sides. In 

groove height of 20mm is presented with the 2D and 3D 

Figure 33: Effect of groove height 

The roll radius influences the pressure distribution. A larger roll radius results in a wider 

underpressure area. From the web handling point of view, a wide underpressure area could be 

desirable. The 2D CFD model

the tangent point, the 3D CFD model

shows the pressure distribution with roll radius 2

Figure 34: Effect of roll radius on the pressure distribution with 
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Groove height adjustment increases the cross-sectional flow area in the grooves. This 

helps the boundary layer flows to fit into the grooves with lower pressure in the closing nip 

area. A roll with deeper grooves has now higher ability to move the air between the closing 

and 3D CFD models are in a good agreement

slightly from the closing and opening nip sides. In Figure 33, the pressure distribution for the 

groove height of 20mm is presented with the 2D and 3D CFD models. 

Effect of groove height on the pressure distribution; a comparison between 
and 3D CFD models. 

The roll radius influences the pressure distribution. A larger roll radius results in a wider 

a. From the web handling point of view, a wide underpressure area could be 

CFD model overestimates the closing nip overpressure by about 50 Pa. At 

CFD model predicts a slightly higher underpressure. 

shows the pressure distribution with roll radius 2R. The 2D and 3D models are compared.

Effect of roll radius on the pressure distribution with the 2D and 3D models.
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Wall x-coordinate x [m]
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sectional flow area in the grooves. This 

helps the boundary layer flows to fit into the grooves with lower pressure in the closing nip 

now higher ability to move the air between the closing 

are in a good agreement, and differ only 

, the pressure distribution for the 

 

the pressure distribution; a comparison between the 2D 

The roll radius influences the pressure distribution. A larger roll radius results in a wider 

a. From the web handling point of view, a wide underpressure area could be 

overestimates the closing nip overpressure by about 50 Pa. At 

predicts a slightly higher underpressure. Figure 34 

The 2D and 3D models are compared. 

 

2D and 3D models. 

0.20
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Variations of the groove width 

surface velocity are kept constant gives more information about the pressure distribution at 

the wall surface in the vicinity of the closing and opening nips.

A wide groove compared to 

distribution. The closing nip overpressure is lower

at the tangent point. When the roll land is wide, the friction and minor losses at the nip area

increase, which affects the underpressure distribution. The narrower groove with the 2D 

model gives a better estimation on the location of the highest under pressure peak. When the 

groove land is narrow compared to the groove width, the 2D 

prediction for the pressure at the wall surface. Only small overestimation in the closing nip 

pressure can be observed. In Figures 35

modified, and the results are compared between 

Figure 35: a) Variation of roll land with the 
2D and 3D CFD models, 

2.3.2 Solution strategy for 

Before the simplified 2D grooved roll model can

environment simulations, the following procedure 

strategy for the grooved roll simulations

on the grooved roll geometry where

machine speeds are known. The simple 3D 

grooved roll (See Figure 22 for details

half roll land is modeled. As a result

pressure in the groove are obtained.
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groove width Lg,w and roll land Ll,w, when the groove height 

surface velocity are kept constant gives more information about the pressure distribution at 

the wall surface in the vicinity of the closing and opening nips. 

d to the roll land width gives beneficial results for the pressure 

distribution. The closing nip overpressure is lower, without losing much of the underpressure 

at the tangent point. When the roll land is wide, the friction and minor losses at the nip area

increase, which affects the underpressure distribution. The narrower groove with the 2D 

gives a better estimation on the location of the highest under pressure peak. When the 

groove land is narrow compared to the groove width, the 2D CFD model gives 

prediction for the pressure at the wall surface. Only small overestimation in the closing nip 

Figures 35a and b, the groove width and roll land measures are 

modified, and the results are compared between the 2D and 3D CFD model

 

Variation of roll land with the b) Variation of groove width with the 2D and 
3D CFD models. 

Solution strategy for 2D grooved roll simulations 

ed 2D grooved roll model can be used in full scale paper machine 

the following procedure needs to be performed 

strategy for the grooved roll simulations. In the first step, a simple 3D model is created

rooved roll geometry where the groove dimensions and roll size

. The simple 3D CFD model consists of a moving wall and 

for details). In the model, a symmetric slice of 

half roll land is modeled. As a result, the volume flow through the groo

obtained. 
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, when the groove height Lg,h and 

surface velocity are kept constant gives more information about the pressure distribution at 

roll land width gives beneficial results for the pressure 

without losing much of the underpressure 

at the tangent point. When the roll land is wide, the friction and minor losses at the nip areas 

increase, which affects the underpressure distribution. The narrower groove with the 2D CFD 

gives a better estimation on the location of the highest under pressure peak. When the 

gives a very accurate 

prediction for the pressure at the wall surface. Only small overestimation in the closing nip 

, the groove width and roll land measures are 

CFD models.  

 

width with the 2D and 

be used in full scale paper machine 

needs to be performed as a solution 

a simple 3D model is created, based 

groove dimensions and roll size, as well as the 

moving wall and a 

symmetric slice of a half groove and 

the volume flow through the groove and the static 
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coordinate x [m]
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In the second step, a 2D grooved roll CFD model is created. The model simplifications 

with effective groove height Leff, source term describing friction Ss and initial guess of porous-

jump coefficient C2D are made. The porous-jump coefficient is adjusted until the volume flow 

DV 2

•

 through the groove is equal to DV 3

•

. When the fine tuning of the 2D grooved roll CFD 

model is done, it is ready to be used in complex paper machines or web handling applications 

to evaluate the grooved roll functionality in the chosen environment. A solution strategy for 

the grooved roll models is shown schematically in Figure 36. 

pV D,3

•

? 32

••

= DD VV

 

Figure 36: A solution strategy for the grooved roll model. 

2.3.3 Fabric model 

In the paper machine environment, the rolls interact with permeable walls, namely drying 

fabrics in the tail threading phase. The fabrics support and transport the paper web through the 

paper machine. It is important to know how the fabrics affect the aerodynamic functionality of 

the grooved roll. The fabric has several aerodynamic features affecting the boundary layer 
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flows, such as air permeability, void volume, structure and yarn type [7]. Two dryer fabric 

structures are introduced: woven fabric (Figure 37 a) and a spiral fabric structure (Figure 37 

b). 

 

Figure 37: a) Woven drying fabric [27], 

 

b) Spiral drying fabric [27]. 

In this thesis, the grooved roll interacting with the fabric is studied by using CFD models. 

In the previous sections only smooth surfaces were considered as momentum sources of 

boundary layer flows. The fabric surface is rough, typically between 0.2 to 0.5mm [19]. The 

ability of the surface roughness and fabrics to carry air increases the pressure in the closing 

nip areas [19]. The fabric structure allows the air to flow through the fabric, if the pressure 

difference over the fabric surfaces is sufficient. Air flow through the fabric from the closing 

nip side can cause detachment of the paper web from the fabric surface [25]. In the case of a 

grooved roll partly covered with drying fabric, it is important to see the air flow behavior in 

the nip areas and to find out whether there is underpressure in the grooves. 

The fabric model applied in this study has been introduced by Laakkonen [25]. The 

detailed fabric functionality is not discussed in this work. The fabric model describes the 

aerodynamic properties of fabric in large scale with the help of a porous media simulation 

model in Cartesian coordinates shown in Equation (19) [25] 
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, (19) 

where fi is force per volume, Ci the inertia loss term, Di the viscous loss term, and the velocity 

components are U, V, W [19]. Large-scale settings are obtained with small scale CFD 

simulations by using the actual fabric structure introduced by Laakkonen [25, 26]. 
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The permeability, velocity and structure changes of the fabric are considered as variables. 

The results and model description are shown in chapter 3. 

2.4 Computational fluid dynamics 

In this thesis, the CFD calculations are based on Reynolds averaged Navier-Stokes equations 

performed with a commercial CFD-software, ANSYS Fluent 6.3. A segregated pressure-

based steady state solver has been used. 

The flows near the rolls and fabrics in paper machines are boundary layer-driven. In the 

vicinity of the roll nips and inside the groove, the flow is turbulent and it is modeled by using 

a renormalized group theory (RNG) k-ε turbulence model. The selected turbulence model has 

been used in several sources, for example [1, 13, 14, 24, 25, 26]; therefore changes in 

turbulence modeling have not been considered. For complete details about the used solver and 

models, see [8]. 

In boundary layer -driven flows, the near wall treatment has to be considered carefully. 

For accurate calculation of the boundary layer, the enhanced near wall model is selected, 

where the viscosity-affected near wall region is computed completely, starting from the 

viscous sub layer. The flow domain is subdivided into a viscosity-affected region and a fully 

turbulent region. This is called a two layer model. The above mentioned regions are 

determined on the basis of the wall distance and turbulent Reynolds number Rey defined as [8] 

 
µ

ρ ky
y =Re , (20) 

where y is the normal distance from the wall at the cell centre. Wolfstein’s [52] one-equation 

model is used in the viscosity-affected near the wall region (Rey < 200). For the fully turbulent 

region, the enhanced turbulent law (Rey > 200) of the wall is used, which has been derived by 

combining the approaches of White and Cristoph [49] and Huang et al. [12]. 

The calculation mesh type in 2-dimensional simulations is quadrilateral, and in 3-

dimensional it is hexahedral. When enhanced wall functions are used, high computation mesh 

resolution at the surface of the wall is needed. The boundary layer cells are used on the wall 

surfaces. In the nip areas, the mesh size starts from 0.001 m. Further away from the wall 
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surface, the mesh size can be increased with the factor 1.2. A typical computation mesh is 

shown In Figure 38 with nomenclature. 

  

Figure 38: Typical mesh size in the grooved roll model. 

Calculation mesh refinements have been done when necessary with a grid adaptation tool 

based on y+ values suggested for a k-e turbulence model with enhanced wall functions [8]. 

The second order upwind discretization scheme has been used for the variables of pressure, 

momentum, turbulence and energy. 

The 2D grooved roll simulation tool reduces the computational effort significantly. As a 

comparison, the 3D small wrap angle grooved roll model with mesh cell count 340k pcs 

reduces to a 2D grooved roll model with 79k cell count. This reduction in mesh size can be 

seen in the solving time. A simple test with the Linux operating system and one Intel 64-bit 

2.6 Ghz processor PC platform showed that the solving time (10000 iterations) with the 3D 

grooved roll model was 15 hours 30 minutes and with the 2D grooved roll model 1 hours 45 

minutes. 

2.4.1 Convergence 

Iterative convergence is monitored for all CFD models and it is achieved when at least three 

orders of decrease of magnitude in normalized residuals are observed. The mesh sensitivity 

check has been performed for the 2D grooved roll model. In the model, the groove effective 

height Leff is 10 mm, Lg,w and Ll,w are 9 mm, and the radius r is R. The surface velocity vx is 

Groove 

Wall 

Groove 

Wall 

Fluid domain 

Groove top 
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1500 m/min. The wrap angle of the horizontal wall over the grooved roll is small. The model 

is shown in Figure 29. The used mesh type is quadrilateral. The effect of the mesh size to 

solution convergence and accuracy in the grooved roll models has been tested with one 2D 

grooved roll model. Locally, in the groove and nip areas, the mesh size changes correlate with 

the overall cell count. With the finest mesh, the smallest cell size in the nip area is 0.3 mm. 

The tested mesh cell counts N are: N1 122947 (fine), N2 60908 (medium) and N3 35836 

(coarse) with the total area A of 20.01 m². The normalized residuals for continuity, 

momentum, energy and turbulence are shown in Figures 39a, b and c. The residuals show that 

convergence is achieved with the coarse mesh with less iteration cycles (< 5000 iterations). 

The medium mesh requires at least 13000 iterations, and the fine mesh 17000 iterations. 

 

Figure 39: a) Coarse mesh, 
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b) Medium mesh, 

 

c) Fine mesh. 

In the evaluation of grooved roll simulations, static pressure and air flow velocities in the 

groove are important variables. During the iterations, the magnitude of the static pressure and 

velocity at the tangent point of model was captured, shown in Figures 40a and b. The coarse 

mesh reaches the convergence level two times faster than the fine mesh solution. 



Figure 40: a) Static pressure at the tangent 
point, 

The results for the mesh resolution variations are shown in 

difference between the coarse and fine 

Table 2: The effect of mesh resolution changes 

Mesh resol

Coarse

Medium

 

2.4.2  Uncertainties due to discretization

Evaluation of discretization error is performed with t

method, which is based on the Richardson 

meshes and variables were introduced in 

index GCIfine
21 between the medium and fine meshes 

as the variable. Based on the GCI index, iteration cycles and results

medium mesh accuracy. In this thesi

medium mesh. 

 

Static pressure at the tangent b) Air velocity at the tangent point.

mesh resolution variations are shown in Table 2. 

coarse and fine meshes is 0.7%, and in the air velocity it is 0.2%.

: The effect of mesh resolution changes on the results.

Mesh resolution N [pcs] p [Pa] vair [m/s] 

Coarse 35836 1813 56.38 

Medium 60908 1814 56.38 

Fine 122947 1826 56.47 

Uncertainties due to discretization 

valuation of discretization error is performed with the grid convergence index (GCI) 

the Richardson extrapolation (RE) method 

re introduced in Table 2 in Section 2.4.1. The fine

medium and fine meshes is 0.2%, considering the static pressure 

Based on the GCI index, iteration cycles and results, it is justified to use 

medium mesh accuracy. In this thesis, the mesh size has been chosen similarly 
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Air velocity at the tangent point.

. The static pressure 

in the air velocity it is 0.2%. 

results. 

grid convergence index (GCI) 

extrapolation (RE) method [3]. The evaluated 

. The fine-grid convergence 

considering the static pressure 

it is justified to use 

chosen similarly as in the 
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3 MODEL VALIDATION 

Validation of the grooved roll model is presented in this chapter. In order to ensure the 

functionality of the 3D and the 2D grooved roll models, model validation has been performed 

with laboratory scale measurements. A grooved roll simulator has been built for the 

measurements of pressure in the groove. The model validation consists of variations in the 

groove geometry, rotational speed and fabric permeability. The fabric wrap angle is kept 

constant. The measurements have been done with permeable fabric and taped impermeable 

fabric. The laboratory scale measurements have been done by Dr J. Leimu and his staff at 

Turku University of Applied Sciences (TUAS) in summer and autumn 2009. The author of 

this thesis has analyzed and compared the measurement results to the corresponding 

computational fluid dynamics models. 

In Section 3.1, the experimental setup is presented, including information about the 

simulator geometry, pressure measurement devices and measurement procedure. Section 3.1.5 

presents details about the selected test cases. In Section 3.2, the measurement results are 

compared to the computational fluid dynamics results. Section 3.3contains an evaluation of 

the measurement uncertainties. 

3.1 Experimental setup 

3.1.1 Simulator geometry 

The grooved roll simulator consists of three support rolls, measuring equipment, an electric 

motor, fabric and the grooved roll. The rolls and the motor have been assembled together in a 

main frame. The fabric creates a closed loop around the support rolls and the grooved roll. 

The fabric tension can be controlled by changing the vertical position of the grooved roll. The 

fabric wrap angle over the grooved roll is adjustable when two lower support rolls are moved 

closer or apart from each other. At this point, it is not possible to construct the small wrap 

angle coverage over the grooved roll, due to simulator geometric limitations. The electric 

motor is connected to the upper support roll shaft. The transmission to the two lower support 

rolls and the grooved roll is delivered through the fabric. The fabric and roll velocities are 

controlled with an AC drive by changing the frequency of the motor power supply. The main 
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parts of the grooved roll simulator are shown in Figure 41 with nomenclature. In Figure 42, 

the grooved roll is shown as a photograph, clarifying the technical drawing.  

 

Figure 41: The grooved roll simulator. Figure courtesy of Metso Paper. 

 

Figure 42: The grooved roll simulator. Figure courtesy of Miulus & Mattila/TUAS. 
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The grooved roll is made from aluminum plates, which are held together with six long 

bolts and end plates. The groove geometry can be varied by changing the plate thickness and 

radius. The grooved roll in the grooved roll simulator is shown in Figure 43. 

 

Figure 43: The grooved roll of the simulator. Figure courtesy of Miulus & Mattila/TUAS. 

3.1.2 Groove pressure measurement 

The purpose of the pressure measurement is to capture the pressure curves from the groove 

bottom as well as close to the roll land when the roll is rotating. The pressure measurement 

arrangement is similar to the one introduced by Kurki & Martikainen [22]. The pressure 

transducers are located in separate grooves, one close to the roll land attached to the roll wall 

and the other inside the groove bottom. The used miniature pressure transducers are Kulite 

xcs-093, calibrated after installation to the grooved roll. In Figure 44, pressure measurement 

from the groove bottom and roll land is shown schematically. 
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Figure 44: Pressure measurement configuration (ver. 2.0). 
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The electric signal measured with the pressure transducers is delivered through wiring to 

the grooved roll shaft, as shown in Figure 45a. On the other side of the shaft, the electric 

measurement signal is passed through the slide ring to a signal amplifier. The signal amplifier 

is connected to a data logger, which is able to capture the signal with 50 kHz sampling 

frequency. The slide ring and signal screen are shown in Figure 45b. 

 

Figure 45: a) Pressure measurement 
transducers installed to the groove wall. 
Figure courtesy of Miulus & Mattila/TUAS, 

 

b) Slide ring at the end of grooved roll shaft. 
Figure courtesy of Miulus & Mattila/TUAS. 

A trigger sensor is used to measure the grooved roll velocity and to locate the position of 

the pressure transducers relative to the nips and wrap angle. The trigger sensor is in the 

middle of the wrap angle, shown in Figure 46a. The measurement devices are able to capture 

static pressure as a function of one roll rotation. When triggering happens, the pressure 

transducers are 180° ahead between the opening and closing nips in the roll open area. The 

measured pressure curve is a function of the grooved roll outside circumferential length s0. 

Figure 46b shows the triggering sensor and the pressure measurement path schematically. 

 

Figure 46: a) Trigger sensor. Figure courtesy 
of Miulus & Mattila/TUAS, 

b) Pressure measurement curve in the groove 



65 

The ambient temperature is monitored with a PT-100 thermo element attached to the 

main frame of the simulator. 

3.1.3 Measurement procedure 

When the desired geometry is assembled and all sensors are connected to the data logger, 

the measurement phase can start. The fabric and roll velocity are adjusted from the AC drive 

by changing the frequency of the electric motor power supply. After the startup and every 

velocity, it is recommended to wait for a couple of minutes to reach the stabilized flow 

conditions in the simulator. The measured data can be monitored and saved with a personal 

computer using Labview software. The fabric permeability changes are done by changing the 

fabric. The impermeable fabric condition is carried out by taping the groove side of the fabric 

with wide impermeable tape. 

3.1.4 CFD models 

The experimental setup, the grooved roll simulator is modeled with 3D and 2D grooved roll 

CFD models. The modeling details for 2D and 3D models were presented in Sections 2.2. and 

2.3. The model geometry is identical to the simulator geometry. The roll distances, groove 

and roll dimensions and fabric properties are the same. The main difference to previous CFD 

models is the wrap angle and the use of the fabric as a moving surface. The used solver 

settings and turbulence models were presented in Section 2.4. The simulator CFD model with 

boundary conditions and nomenclature is shown in Figure 47. 
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Figure 47: The simulator CFD model geometry with boundary conditions and nomenclature. 

3.1.5 Test cases 

The performed measurements are described in the following. The test cases are numbered in 

the following manner: the first case in Table 3: (1 1 0). The first number indicates the test set 

(1-8). The second number is velocity: 1 = 1200, 2 = 1600, and 3 = 2000 m/min. The third 

number indicates the wall permeability: 0 = impermeable or 1 = permeable. The other 

variables in the columns of table 3 are the grooved roll radius r, groove width Lg,w, roll land 

width Ll,w, groove height Lg,h fabric permeability, and wrap angle αwrap. The CFD models are 

shown in the last column. The case number 1 2 0 has been chosen as a reference case for an 

impermeable wall and 1 2 1 for a permeable wall. The groove and roll land widths are 6 mm, 

and the groove height is 20 mm. In the case of the permeable wall, woven fabric with 

permeability of 1800m/h is used. The simulator and CFD model grooved roll radius r is kept 

constant as 0.61R. The changes between the test cases are indicated by bolding and 

underlining the variable. In Table 3, examples of details in the measurement geometries are 

shown. A complete table of the test cases for the geometry and fabric property variations can 

be found in table 5 in APPENDIX A.   
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Table 3: Test cases for velocity variations with reference geometry. 

Case 
r   

[mm] 

Lg,w 

[mm] 

Ll,w 

[mm] 

Lg,h 

[mm] 

v 

[m/min] 

Permeability 

α [m/h] 

Wrap angle 

[°] 
CFD model 

1 1 0 0.61R 6 6 20 1200 0 180 X 
1 2 0 0.61R 6 6 20 1600 0 180 X 

1 3 0 0.61R 6 6 20 2000 0 180 X 

 

The fabric structure and permeability changes are considered as a variable. For the 

grooved roll aerodynamic functionality, the fabric permeability is an important property. In 

the following, the changes in the fabric structure and permeability are considered. The used 

groove geometry is the reference case 1 2 1. Woven and spiral fabric structures are tested in 

the simulator and in the CFD models. The fabric permeabilities are 1500, 8000 and 15000 

m/h. Details about the fabric model and structures can be found in section 2.3.3. A complete 

table of the test cases for the fabric structure and permeability variations can be found in 

tables 6 and 7 in APPENDIX B.  

3.2 Results 

In the following, the simulation and measurement results are compared in order to validate the 

grooved roll simulation tool (GRT). The rotational pressure curves as a function of the roll 

circumferential length from the groove bottom and the groove top are under investigation. The 

circumferential length is divided to degrees marked with αc. The closing nip is located at the 

place where αc is 90° and the opening nip αc is 270°. The pressure curves in the grooves are 

modified to dimensionless groove pressure p* shown in Equation (21) 

 
refp

p
p =* , (21) 

where p is static pressure and pref is the reference pressure. The measurement case 1 2 0 is the 

reference test setup for the CFD models and measurements. Details of the used geometries are 

presented in Appendices A and B. In the results, the CFD models are marked as follows: 2D 

is the two-dimensional grooved roll model including GRT, 3D is the three-dimensional 

grooved roll model, and the measurements with the grooved roll simulator are marked as M. 

The permeable fabric is fabric and the taped impermeable fabric is the wall. 
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The results section is divided to three subsections. Subsection 

functionality when the groove dimensions, surface velocities and wall permeability are 

changed. The results are taken from t

3.2.2, the 3D and 2D grooved roll models are compared. The grooved roll simulation tool 

(GRT) is used in this 2D model.

the grooved roll simulator in the 

grooved roll simulation results.

3.2.1 Groove aerodynamic 

The grooved roll has to work in two different cond

permeability. Normally the paper is attached to the fabric surface and air does not flow 

through the fabric. This situation is marked 

through the fabric is marked as

The 3D simulation results with case

when the fabric permeability is changed. 

corresponds with the ambient pressure.

pressure distribution with wall and fabric condition

C and the opening nip O. The wall and fabric wrap angle is between the closing and opening 

nips. The curve legend shown in the lower left hand corner indicates the cases and the used 

line types.  

Figure 48: Comparison of pressure distribution 
fabric. 

The results section is divided to three subsections. Subsection 3.2.1 introduces the groove 

functionality when the groove dimensions, surface velocities and wall permeability are 

sults are taken from the three-dimensional grooved roll models. In s

he 3D and 2D grooved roll models are compared. The grooved roll simulation tool 

T) is used in this 2D model. Subsection 3.2.3 includes the measurement results made with 

the laboratory. The measurement results are compared to 

grooved roll simulation results. 

aerodynamic functionality 

The grooved roll has to work in two different conditions due to changes in the fabric 

permeability. Normally the paper is attached to the fabric surface and air does not flow 

through the fabric. This situation is marked as wall. The condition when air is allowed to flow 

hrough the fabric is marked as fabric. 

simulation results with cases 1 2 0 and 1 2 1 reveals a difference 

fabric permeability is changed. The dimensionless groove pressure 

onds with the ambient pressure. Figure 48 depicts a comparison of 

wall and fabric condition presented. The closing nip is marked with 

The wall and fabric wrap angle is between the closing and opening 

egend shown in the lower left hand corner indicates the cases and the used 

omparison of pressure distribution in the groove bottom between 

C O Air flow 

introduces the groove 

functionality when the groove dimensions, surface velocities and wall permeability are 

sional grooved roll models. In subsection 

he 3D and 2D grooved roll models are compared. The grooved roll simulation tool 

includes the measurement results made with 

laboratory. The measurement results are compared to the 3D 

itions due to changes in the fabric 

permeability. Normally the paper is attached to the fabric surface and air does not flow 

. The condition when air is allowed to flow 

difference in pressure curves 

The dimensionless groove pressure p* = 0 

a comparison of groove bottom 

The closing nip is marked with 

The wall and fabric wrap angle is between the closing and opening 

egend shown in the lower left hand corner indicates the cases and the used 

 

between the wall and the 
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The air flow friction losses have become more important due to the large wrap angle. The 

groove air flow friction losses can be seen as a pressure gradient in the continuous line in the 

wrap angle area. The air flow direction is from the closing nip to the opening nip. An analogy 

to pipe flow can be established. When the fabric is permeable, the closing nip overpressure 

and the opening nip underpressure are more local. The underpressure in the grooves does not 

increase due to leakage through the fabric. The boundary layer flow along the fabric surface 

and the groove causes overpressure to the closing nip, because the opening nip underpressure 

does not remove excessive air through the groove. 

In Figures 49a and b, the closing nip air velocity vectors colored by the velocity 

magnitude, with wall (1 2 0) and fabric (1 2 1) boundary conditions, are shown. A difference 

in air velocities can be seen in the closing nip tangent point. In the fabric condition, the 

groove transports more air than the wall condition. Excessive air flows to the closing nip and 

partly through the fabric, causing overpressure into the closing nip, are seen in Figure 48.  

 

Figure 49: a) Closing nip velocity vectors 
with wall, 

 

b) Closing nip velocity vectors with fabric. 

In Figures 50a and b, opening nip velocity vectors colored by the velocity magnitude, 

with wall (1 2 0) and fabric (1 2 1) boundary conditions, are shown. With the moving wall, 

the air flow follows the wall surface, emptying the groove and causing swirling, shown with 

the dotted line in Figure 52a. With the fabric condition, the air flow accelerates due to 

opening nip underpressure and follows the groove surface. 

Closing nip tangent point 

Groove bottom 

Groove top 

Fabric 
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Figure 50: a) Opening nip velocity vectors 
with wall, 

The pressure inside the groove 

pressure curves from the groove top and bottom with wal

Figure 51a, the pressure in the wrap angle differs 

boundary condition indicates 

bottom. From the web handling point of view

affects the paper web.  

Figure 51: a) Comparison of pressure 
distribution between groove top and bottom
with wall, 

The groove underpressure is strongly affected by the surface velocity

wrap angle simulations shown in Chapter 2. 

 

nip velocity vectors b) Opening nip velocity vectors with fabric.

The pressure inside the groove varies as a function of roll radii. Figures 5

groove top and bottom with wall and fabric boundary conditions

the pressure in the wrap angle differs in the top and bottom curves. The fabric 

boundary condition indicates a pressure difference all the way between 

the web handling point of view, the pressure at the groove top is the one which 

 

omparison of pressure 
distribution between groove top and bottom 

b) Comparison of pressure distribution 
between groove top and bottom with fabric.

The groove underpressure is strongly affected by the surface velocity, 

wrap angle simulations shown in Chapter 2. Pressure velocity dependency with 

Opening nip tangent point

Groove bottom 

Groove top 

 

pening nip velocity vectors with fabric. 

Figures 51a and b show 

and fabric boundary conditions. In 

the top and bottom curves. The fabric 

pressure difference all the way between the top and the 

the pressure at the groove top is the one which 

 

pressure distribution 
between groove top and bottom with fabric.

 similar to the small 

ressure velocity dependency with the wall is 

angent point 



presented in Figure 52a. The closing nip 

groove underpressure. In Figure 

changed with the fabric. As with the wall, the under

angle area. The closing nip over

Figure 52: a) Effect of velocity 
distribution with wall, 

In Figures 53a and b, the groove 

cross-directional area lowers to half

The closing nip pressure rises

height of 20 mm produces a 

wrap angle. The closing nip over

Figure 53: a) Effect of groove height on
pressure distribution with wall

The test cases include roll land width 

groove width Lg,w is a constant 6 mm

the case of large wrap angles,

case of the small wrap angle. The differences in the pressure curve

. The closing nip changes smoothly from the ambient pressure to the 

Figure 52b, the pressure curves show how the surface velocities

As with the wall, the underpressure is increased in the groove wrap 

ngle area. The closing nip overpressure remains almost constant. 

 

Effect of velocity v on pressure b) Effect of velocity v on pressure distribution
with fabric. 

, the groove depth is decreased from 20 mm to 10 mm. The groove 

nal area lowers to half, which lowers the air volume flow through the groove. 

rises in both the wall and fabric cases. As a conclusion

a better result from the web handling point of view with 

he closing nip overpressure still remains in the tail threading case

 

Effect of groove height on 
with wall, 

b) Effect of groove height on
distribution with fabric.  

roll land width Ll,w variation from 6 mm to 10 mm, where the 

constant 6 mm, the results of which are shown in Figures 5

, the roll land width is not an important factor

small wrap angle. The differences in the pressure curves are minor. 
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from the ambient pressure to the 

surface velocities are 

pressure is increased in the groove wrap 

 

pressure distribution 

0 mm to 10 mm. The groove 

which lowers the air volume flow through the groove. 

wall and fabric cases. As a conclusion, the groove 

web handling point of view with a large 

n the tail threading case. 

 

Effect of groove height on pressure 

variation from 6 mm to 10 mm, where the 

Figures 54a and b. In 

important factor, compared to the 

s are minor.  
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Figure 54: a) Effect of roll land on
distribution with wall, 

In Figures 55a and b, comparison of groove width 

presented. Similar to the roll land variation

observed. In this case, the groove fraction 

change. 

Figure 55: a) Effect of groove width
pressure distribution, 

The next three figures present

56a, the fabric permeability is c

m/h (8 2 1) in the woven fabric. 

fabric. The changed permeabilities are 1500 m/h (

fabric structures, the lower permeability produces slightly better underpressure to the wrap 

angle area than the reference case 1800 m/h. The down side for the lower

is the closing nip overpressure. When 

greater than in the reference case, the overpressure in the closing nip is at the same level but 

the opening nip underpressure area is smaller.

 

Effect of roll land on pressure b) Effect of roll land on pressure distribution
with fabric. 

, comparison of groove width Lg,w changes from 6 mm

the roll land variation, no significant changes in the pressure curves are 

observed. In this case, the groove fraction Gf changes from 0.5 to 0.4, which is 

 

groove width on b) Effect of groove width on
distribution.

present the fabric permeability and structure changes. 

, the fabric permeability is changed from 1800 m/h (1 2 1) to 1500 m/h (7 2 1)

woven fabric. Figure 56b presents the permeability change with 

fabric. The changed permeabilities are 1500 m/h (5 2 1) and 15000 m/h (6 2 

the lower permeability produces slightly better underpressure to the wrap 

angle area than the reference case 1800 m/h. The down side for the lower 

is the closing nip overpressure. When the permeability is increased to be 

the reference case, the overpressure in the closing nip is at the same level but 

the opening nip underpressure area is smaller. 

 

pressure distribution 

changes from 6 mm to 4 mm is 

no significant changes in the pressure curves are 

which is a rather small 

 

on pressure 

the fabric permeability and structure changes. In Figure 

m/h (1 2 1) to 1500 m/h (7 2 1), and 8000 

presents the permeability change with the spiral 

000 m/h (6 2 1). With both 

the lower permeability produces slightly better underpressure to the wrap 

 permeability fabric 

to be at least 3 times 

the reference case, the overpressure in the closing nip is at the same level but 



Figure 56: a) Pressure distribution 
groove when fabric permeability i
with the woven fabric, 

In Figure 57, the effect of fabric struc

In the selected cases, the fabric permeability 

identical. On the basis of the closing nip overpressure

better. 

Figure 57: The effect of fabric structure o

3.2.2 3D grooved roll model v

In this section, the results of the 

The used geometry was introduced in Section 

strategy for the 2D GRT model can be found 

The 3D grooved roll models have

2D GRT models are compared. 

has been monitored in the 3D grooved roll models. 

 

Pressure distribution in the 
groove when fabric permeability is changed 

b) Pressure distribution in the groove when 
fabric permeability is changed with the spiral 
fabric.

, the effect of fabric structure is evaluated with the woven and spiral fabric

the fabric permeability α is 1500 m/h. The pressure curves are almost 

On the basis of the closing nip overpressure, the woven fabric performs slightly 

The effect of fabric structure on the pressure distribution in the groov

grooved roll model vs. 2D GRT model 

the 3D simulation model and the 2D GRT model ar

introduced in Section 3.1. The GRT simplification

strategy for the 2D GRT model can be found in Section 2.3.  

models have been taken as the reference to which the corresponding 

2D GRT models are compared. The air velocity vair in the groove half way 

the 3D grooved roll models. The 2D GRT model porous jump 
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Pressure distribution in the groove when 
fabric permeability is changed with the spiral 

ture is evaluated with the woven and spiral fabrics. 

is 1500 m/h. The pressure curves are almost 

the woven fabric performs slightly 

 

in the groove bottom. 

3D simulation model and the 2D GRT model are compared. 

. The GRT simplifications and the solution 

which the corresponding 

in the groove half way between the nips 

The 2D GRT model porous jump 
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coefficient C2D has been adjusted on the basis of air velocity in 3D grooved roll model vair,3D 

in order to reach the same air velocity vair,GRT in the 2D GRT model. It should be noted that 

for the fabric models, the porous jump coefficient is the same as with the wall model. 

The air velocities in the grooves for the 3D and GRT model, as well as the porous jump 

coefficient are presented in Table 4. The air velocities reveal abnormality in the 2D GRT 

model. In geometry number 1, the porous jump coefficient is approximately 11. The geometry 

changes in the smaller groove show that the air velocity does not rise higher than in the 

corresponding 3D model, and the porous jump coefficient is set to 0. The air flows in the 

grooves with the wall boundary condition are laminar. The Reynolds numbers are less than 

2300. 

Table 4: Results of the 3D and GRT grooved roll models. 

Case 

C2D   

[-] 

vair,3D 

[m/s] 

vair,GRT 

[m/s] 

vair,GRT - vair,3D 

[%] 

vrel,3D  

[m/s] 

Re   

[-] 
1 1 0 11.0 21.52 21.53 0.02 1.52 1095 
1 2 0 11.0 28.82 28.82 0.00 2.16 1554 

1 3 0 11.1 36.15 36.15 0.02 2.82 2028 

1 1 1 11.0 17.30 18.87 9.09 -2.70  

1 2 1 11.0 22.70 24.65 8.61 -3.97  

1 3 1 11.1 28.06 30.58 8.99 -5.27  

2 2 0 0 29.51 29.11 -1.36 2.84 1662 

2 2 1 0 22.55 26.40 17.05 -4.11  

3 2 0 0 29.13 28.62 -1.76 2.47 1284 

3 2 1 0 23.73 26.12 10.06 -2.94  

4 2 0 0 28.88 28.85 -0.08 2.21 1592 

4 2 1 0 22.07 25.76 16.69 -4.59  

 

In Figures 58a and b, the 3D grooved roll and 2D GRT models are compared with the 

reference test setups 1 2 0 (wall) and 1 2 1 (fabric). In the wall wrap angle length, the pressure 

loss is 4 times larger than the one in the 3D grooved roll model. This observation points to the 

source term S used in the 2D grooved roll model, which might be overestimated. The closing 

nip overpressure behaves similarly in both the wall and fabric conditions. 



Figure 58: a) Pressure distribution
reference case 1 2 0 with wall,

When the surface velocity is increased

bottom. The effect of velocity increase to the 3D and 

59a and b. 

Figure 59: a) Effect of velocity 
distribution with wall, 

In Figures 60a and b, the groove height has

3D grooved roll model and the 2D GRT model. The res

and 2 2 1 (fabric). In both situations

and the pressure gradient the groove at the 

source term S is 30% higher than in 

distribution in 
0 with wall, 

b) Pressure distribution in reference
1 with fabric. 

When the surface velocity is increased, the pressure levels are emphasi

he effect of velocity increase to the 3D and 2D GRT models is pre

 

Effect of velocity v on pressure b) Effect of velocity v on pressure 
distribution with fabric. 

, the groove height has been lowered from 20 mm to 10 mm with 

3D grooved roll model and the 2D GRT model. The results are taken from cases 2 2 0 (wall) 

n both situations, the GRT model overestimates the closing nip pressure

groove at the wall wrap angle area. In these cases

than in the reference case 1 2 0.  
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in reference case 1 2 

the pressure levels are emphasized in the groove 

2D GRT models is presented in Figures 

 

pressure 

been lowered from 20 mm to 10 mm with the 

ults are taken from cases 2 2 0 (wall) 

the GRT model overestimates the closing nip pressure, 

In these cases, the used GRT 
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Figure 60: a) Effect of groove height 
pressure distribution, 

When the groove width L

is kept as 6 mm, the pressure gradients in the grooves are more drastic in the wall wrap angle 

area. The GRT friction source terms 

and b, the effect of groove width changes is shown with the wall and fabric boundary 

conditions.  

Figure 61: a) Effect of groove width
pressure distribution with wall

In Figures 62a and b, the roll land width 

case of a large wall wrap angle, the minor loss has 

losses which the air experiences when 

 

Effect of groove height on b) Effect of groove height 
distribution.  

Lg,w is decreased from 6 mm to 4 mm, and the roll land width 

the pressure gradients in the grooves are more drastic in the wall wrap angle 

area. The GRT friction source terms S are in this case on average 164% higher.

, the effect of groove width changes is shown with the wall and fabric boundary 

 

Effect of groove width on 
with wall, 

b) Effect of groove width on
distribution with fabric. 

, the roll land width Ll,w is increased from 6 mm to 10 mm. In 

large wall wrap angle, the minor loss has only small influence o

experiences when it flows through the groove. 

 

Effect of groove height on pressure 

and the roll land width Ll,w 

the pressure gradients in the grooves are more drastic in the wall wrap angle 

ase on average 164% higher. In Figures 61a 

, the effect of groove width changes is shown with the wall and fabric boundary 

 

on pressure 

is increased from 6 mm to 10 mm. In the 

small influence on the total pressure 



Figure 62: a) Effect of roll land width 
pressure distribution, 

The pressure distribution with woven and spiral fabrics wi

is shown in Figures 63a and b

the fabric structures. Only small changes in the pressure levels can be observed

model underestimates the underpressure lev

Figure 63: a) Pressure distribution in the 
groove with woven fabric with permeability 
α of 1500 m/h, 

In Figures 64a and b, a comparison of 

woven and spiral fabrics are shown.

in the opening nip. The 2D GRT model overestimates the pressure in the opening nip.

simulation results with the 2D GRT model and spiral fabric 

behavior well. The closing nip pressure is almost the same, but close to the opening nip

pressure turns into overpressure.

 

Effect of roll land width on b) Effect of roll land width 
distribution. 

The pressure distribution with woven and spiral fabrics with permeability 

b. The shapes of the pressure curves are almost 

. Only small changes in the pressure levels can be observed

model underestimates the underpressure levels on both fabric structures. 

 

Pressure distribution in the 
groove with woven fabric with permeability 

b) Pressure distribution in the groove with 
spiral fabric with permeability 

, a comparison of the 3D and GRT models with 

are shown. With the woven fabric, the pressure curves are identical 

in the opening nip. The 2D GRT model overestimates the pressure in the opening nip.

simulation results with the 2D GRT model and spiral fabric do not predict 

behavior well. The closing nip pressure is almost the same, but close to the opening nip

pressure turns into overpressure. 
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Effect of roll land width on pressure 

th permeability α of 1500 m/h 

almost identical between 

. Only small changes in the pressure levels can be observed. The GRT 

 

Pressure distribution in the groove with 
spiral fabric with permeability α of 1500 m/h. 

3D and GRT models with highly permeable 

the pressure curves are identical 

in the opening nip. The 2D GRT model overestimates the pressure in the opening nip. The 

not predict the pressure 

behavior well. The closing nip pressure is almost the same, but close to the opening nip, the 
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Figure 64: a) Pressure distribution in the 
groove with woven fabric with
α of 8000 m/h, 

As a conclusion of the simulations with the 2D GRT model, the used a

viscous losses calculated with pipe flow overestimates the pressure losses compared to the 3D 

grooved roll pressure losses. The 2D GRT model adds the groove bottom and wall surface 

viscous pressure losses even tho

3.2.3 Comparison of the 3D grooved roll model

In this section, the results of the 

roll simulator are compared. The used 

including the description of the 3D grooved roll model and measurement procedure

following, the results of the measurements are marked with 

letter M. The pressure curves p

otherwise. 

The measured pressure curves follow the pressure curves 

In the closing nip, the measurement shows 

roll model, as shown in Figure 

the measurement pressure curve. 

which differs from the 3D grooved roll model results. 

boundary condition, shown in 

the 3D grooved roll model. Only small d

 

tribution in the 
with permeability 

b) Pressure distribution in the groove with
spiral fabric with permeability 
m/h. 

simulations with the 2D GRT model, the used a

viscous losses calculated with pipe flow overestimates the pressure losses compared to the 3D 

grooved roll pressure losses. The 2D GRT model adds the groove bottom and wall surface 

even though they are included in the pipe flow viscous losses.

3D grooved roll model and measurement

the 3D simulation model and the measurements 

are compared. The used experimental setup was introduced in Secti

description of the 3D grooved roll model and measurement procedure

results of the measurements are marked with a continuous line and with 

present the static pressure in the groove bottom unless 

The measured pressure curves follow the pressure curves of the 3D grooved roll model. 

the measurement shows a small overpressure compared to the 3D groov

Figure 65a. Between the nips (90° - 270°), the pressure fluctuates in 

the measurement pressure curve. The measurement indicates overpressure in the opening nip

grooved roll model results. The measurement with the fabric 

boundary condition, shown in Figure 65b, estimates the same pressure in the closing nip 

Only small differences can be observed in the pressure curves

 

tribution in the groove with 
permeability α of 15000 

simulations with the 2D GRT model, the used assumption of 

viscous losses calculated with pipe flow overestimates the pressure losses compared to the 3D 

grooved roll pressure losses. The 2D GRT model adds the groove bottom and wall surface 

ipe flow viscous losses. 

and measurements 

3D simulation model and the measurements with the grooved 

introduced in Section 3.1, 

description of the 3D grooved roll model and measurement procedure. In the 

continuous line and with the 

resent the static pressure in the groove bottom unless indicated 

the 3D grooved roll model. 

small overpressure compared to the 3D grooved 

the pressure fluctuates in 

easurement indicates overpressure in the opening nip, 

The measurement with the fabric 

, estimates the same pressure in the closing nip as 

pressure curves. 



Figure 65: a) Pressure distribution 
grooved roll model and measurements with 
case 1 2 0, 

The pressure distribution

shown in Figures 66a and b. 

groove lowers to -0.4 with the 

wall wrap angle reduces in the case 1 3 0. The case 1 3 

case 1 2 1.  

Figure 66: a) Effect of velocity 
distribution with wall, 

Fabric structure and permeability changes are considered as variables in the validation of 

the grooved roll models. The 

m/h permeability are shown 

similar shapes, even though the pressure levels are 

3D grooved roll model overestimates the pressure 0.2 with both models. In the fabric wrap 

angle area the measurement indicates small 

opening nip, the underpressure with the spiral fabric is 

1.2. The 3D grooved roll models predict approximately the same opening nip 

 

Pressure distribution of the 3D 
asurements with 

b) Pressure distribution of 
roll model and measurements with case 1 2 

e distributions with the measurements and the 3D grooved roll model are

. When the velocity is 2000 m/min, the pressu

the dimensionless pressure p* scale. The pressure fluctuation in the 

angle reduces in the case 1 3 0. The case 1 3 1 with the fabric be

 

Effect of velocity v on pressure b) Effect of velocity v on pressure 
distribution with fabric.

Fabric structure and permeability changes are considered as variables in the validation of 

he pressure distributions with spiral and woven fabrics with 1500 

 in Figures 67a and b. Both measured pressure curves ha

even though the pressure levels are slightly different. In the closing nip

3D grooved roll model overestimates the pressure 0.2 with both models. In the fabric wrap 

angle area the measurement indicates small underpressure; it is mostly close to zero. In the 

underpressure with the spiral fabric is -1.4 and with the woven fabric 

1.2. The 3D grooved roll models predict approximately the same opening nip 
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of the 3D grooved 
el and measurements with case 1 2 1. 

the 3D grooved roll model are 

the pressure level in the 

scale. The pressure fluctuation in the 

1 with the fabric behaves similar to the 

 

pressure 

Fabric structure and permeability changes are considered as variables in the validation of 

with spiral and woven fabrics with 1500 

sured pressure curves have 

different. In the closing nip, the 

3D grooved roll model overestimates the pressure 0.2 with both models. In the fabric wrap 

mostly close to zero. In the 

1.4 and with the woven fabric it is -

1.2. The 3D grooved roll models predict approximately the same opening nip -1.8 
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underpressure. With the woven f

the spiral fabric. The measurements with spiral and woven fabrics predict the highest 

underpressure at 278° which is approximately 5° more than what the 3D grooved roll model 

predicts. A possible reason for the shift is the movement of the opening nip tangent point due 

to high underpressure in the groove and low tension in the fabric.

Figure 67: a) Pressure distribution with spiral
fabric, 

A comparison of the 3D grooved roll and measurement with the wov

permeability 8000 m/h (Figure 

(Figure 68b) reveals that pressure 

with 15000 m/h permeability. The shapes of the pressure curves are similar 

roll model and the measurements. 

fabric, shown in Figure 68a and 

layer flow at the fabric surface moving upwards (see 

with the permeability of 8000 m/h gives higher underpressure than the spiral fabric with 

permeability of 15000 m/h. 

Figure 68: a) Pressure distribution with 
woven fabric, 

With the woven fabric the pressure is more in the overpressure side than with 

The measurements with spiral and woven fabrics predict the highest 

which is approximately 5° more than what the 3D grooved roll model 

e reason for the shift is the movement of the opening nip tangent point due 

to high underpressure in the groove and low tension in the fabric. 

 

Pressure distribution with spiral b) Pressure distribution wi

3D grooved roll and measurement with the wov

Figure 68a) and with the spiral fabric with permeability 15000 m/h 

ressure distribution in the wrap angle area is similar

with 15000 m/h permeability. The shapes of the pressure curves are similar 

and the measurements. The overpressure before the closing nip with the spiral 

and Figure 67b with dotted ovals, is enhanced by the boundary 

layer flow at the fabric surface moving upwards (see Figure 47 for details).

permeability of 8000 m/h gives higher underpressure than the spiral fabric with 

 

distribution with b) Pressure distribution with spiral fabric

overpressure side than with 

The measurements with spiral and woven fabrics predict the highest 

which is approximately 5° more than what the 3D grooved roll model 

e reason for the shift is the movement of the opening nip tangent point due 

 

Pressure distribution with woven fabric. 

3D grooved roll and measurement with the woven fabric with 

) and with the spiral fabric with permeability 15000 m/h 

is similar to the fabric 

with 15000 m/h permeability. The shapes of the pressure curves are similar in the 3D grooved 

fore the closing nip with the spiral 

, is enhanced by the boundary 

for details).The woven fabric 

permeability of 8000 m/h gives higher underpressure than the spiral fabric with the 

 

with spiral fabric. 



The reduction of the groove height to 10 mm 

fabric boundary condition compared to the reference case (1 2 1). The results of the 3D 

grooved roll model and measurements

agreement. Only notable differences between 

in the pressure level in the groove open area (0°

in Figure 68a. 

Figure 69: a) Effect of groove 
pressure distribution with wall

The groove width reduction to 4 mm increases the closing nip overpressure with the 

fabric boundary condition, shown in Figure 69

area pressure curve may com

3D grooved roll model and measurements show similar results in the wrap angle area 

the fabric (Figure 70b) and wall

found in the groove open area 

Figure 70: a) Effect of groove
pressure distribution with wall

The reduction of the groove height to 10 mm lowers the closing nip overpressure with the 

fabric boundary condition compared to the reference case (1 2 1). The results of the 3D 

grooved roll model and measurements, shown in Figure 69a and b, 

Only notable differences between the 3D grooved roll model and measurement

pressure level in the groove open area (0°-80° and 290°-360°), show

 

of groove height on 
with wall, 

b) Effect of groove height on pressure 
distribution with fabric. 

The groove width reduction to 4 mm increases the closing nip overpressure with the 

fabric boundary condition, shown in Figure 69b. The source of the ripple in the wrap angle 

come from the electric interference in the measurement setup.

3D grooved roll model and measurements show similar results in the wrap angle area 

and wall (Figure 70a) case. Pressure level differences of 0.1 can be 

the groove open area  

 

 width on 
with wall, 

b) Effect of groove width on pressure 
distribution with fabric. 
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lowers the closing nip overpressure with the 

fabric boundary condition compared to the reference case (1 2 1). The results of the 3D 

, are in reasonable 

ed roll model and measurement are 

360°), shown with dotted ovals 

 

Effect of groove height on pressure 

The groove width reduction to 4 mm increases the closing nip overpressure with the 

source of the ripple in the wrap angle 

from the electric interference in the measurement setup. The 

3D grooved roll model and measurements show similar results in the wrap angle area in both 

ressure level differences of 0.1 can be 

 

Effect of groove width on pressure 
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The pressure distribution with wall and fabric boundary conditions and 10 mm roll land 

width is shown in Figures 71

measurements are presented. The measurement with 

Figure 70a, presents similar pressure levels in the closing nip and wrap angle. The pressure 

after the closing nip differs from the 3D grooved roll model pressure. The fabric condition, 

shown in Figure 70b, has similar positive pressure after the open

differs from the previous results with different grooves and 

wrap angle area is in the positive side.

Figure 71: a) Effect of roll land
pressure distribution with wall

As a conclusion of the validation of the 3D grooved roll simulation model with the 

corresponding measurements the results are in good agreement with the wall boundary 

condition. The results with the fabric boundary condition have 

3D grooved roll simulation results and measurements in pressure levels and pressure 

distributions. 

3.2.4 Considerations on pressure measurements

The 3D grooved roll model validation with the measurements sets a challenge for the 

measurement devices, due to high speeds and 

started, the pressure transducers 

and the other one close to the groove bottom.

shown in Figure 71. 

he pressure distribution with wall and fabric boundary conditions and 10 mm roll land 

in Figures 71a and b. Comparison between the 3D grooved roll models and 

measurements are presented. The measurement with the wall boundary condition, show

Figure 70a, presents similar pressure levels in the closing nip and wrap angle. The pressure 

after the closing nip differs from the 3D grooved roll model pressure. The fabric condition, 

, has similar positive pressure after the opening nip. This measurement 

results with different grooves and fabrics. The pressure level in the 

wrap angle area is in the positive side. 

 

Effect of roll land width on 
with wall, 

b) Effect of roll land width on pressure 
distribution with fabric. 

f the validation of the 3D grooved roll simulation model with the 

corresponding measurements the results are in good agreement with the wall boundary 

n. The results with the fabric boundary condition have a few exceptions between 

3D grooved roll simulation results and measurements in pressure levels and pressure 

Considerations on pressure measurements techniques 

del validation with the measurements sets a challenge for the 

due to high speeds and the rotating roll. When the measurements were 

he pressure transducers were attached to the groove wall, one close to the roll land 

close to the groove bottom. The first pressure measurement configuration is 

he pressure distribution with wall and fabric boundary conditions and 10 mm roll land 

3D grooved roll models and 

wall boundary condition, shown in 

Figure 70a, presents similar pressure levels in the closing nip and wrap angle. The pressure 

after the closing nip differs from the 3D grooved roll model pressure. The fabric condition, 

ing nip. This measurement 

s. The pressure level in the 

 

Effect of roll land width on pressure 

f the validation of the 3D grooved roll simulation model with the 

corresponding measurements the results are in good agreement with the wall boundary 

few exceptions between the 

3D grooved roll simulation results and measurements in pressure levels and pressure 

del validation with the measurements sets a challenge for the 

rotating roll. When the measurements were 

re attached to the groove wall, one close to the roll land 

he first pressure measurement configuration is 
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Figure 72: The first pressure measurement configuration (ver. 1.0). 

The transducers were installed into the same groove with 10 degree phase change. The 

pressure transducer dimensions (5 x 9.5 x 2.4 mm) and the installation might be one reason 

for the fluctuation, causing local disturbance. The transducers caused pressure loss to the air 

flow through the groove. The groove bottom pressure transducer measured the pressure 10 

mm from the bottom. The measurement results pointed out differences between the 

measurements and the 3D grooved roll model, which raised questions. It was decided to 

modify the measurement configuration in order to minimize the disturbances caused by the 

pressure transducers. The roll land pressure transducer was moved to the next groove wall. 

The groove bottom pressure transducer was mounted into the groove bottom. This way the 

groove remained free of extra pressure loss sources. The version 2.0 pressure measurement 

configuration is shown in Figure 43. In the following, examples are shown of the differences 

between version 1.0 and 2.0 measurements. 

In the wall boundary condition, the pressure curve has larger fluctuation in the wrap 

angle area with the version 1.0. The measurement pressure curve indicates swirl in the 

opening nip, marked with the dotted line in Figure 73a. The swirl is shown in Figure 50a, 

with the help of velocity vectors. Closing nip pressure curves are similar in both measurement 

configurations. The opening nip side pressure seems to be at a higher level with the version 

2.0 pressure measurement configuration. In the wrap angle area, the pressure level approaches 

the 3D groove roll model curve in the version 2.0 pressure measurement configuration. In 

Figures 73a and b, the pressure distribution in the 3D grooved roll model and the 

measurements in versions 1.0 and 2.0 are shown. 



84 

Figure 73: a) Pressure distribution of the 3D 
grooved roll model and measurements 
case 1 2 0 (ver. 1.0), 

The measurement with the fabric boundary condition, shown in 

estimates the same overpressure in the closing nip as the 3D grooved roll model. Differences 

can be observed in the wrap angle area and in the 

pressure is slightly at a higher level in 

area is in the opening nip. The 

underpressure in the opening nip at 262° and in the 3D grooved roll model at 

for the shifting was the pressure transducer dimensions blocking the groove air flow when the 

pressure transducer approach the opening nip.

Figure 74: a) Pressure distribution of the 3D 
grooved roll model and measu
case 1 2 1. (ver. 1.0), 

As a conclusion, the version 2.0 pressure measurement configuration improved the 

results. The pressure distribution w

now closer to each other, and the performed analysis 

  

 

Pressure distribution of the 3D 
grooved roll model and measurements in 

b) Pressure distribution of the 3D grooved 
roll model and measurements 
(ver. 2.0). 

with the fabric boundary condition, shown in Figures 7

pressure in the closing nip as the 3D grooved roll model. Differences 

wrap angle area and in the opening nip. In the wrap angle area the 

a higher level in the pressure measurement version 1.0. The 

The pressure measurement with version 1.0 estimated

underpressure in the opening nip at 262° and in the 3D grooved roll model at 

was the pressure transducer dimensions blocking the groove air flow when the 

pressure transducer approach the opening nip. 

 

Pressure distribution of the 3D 
surements with 

b) Pressure distribution of the 3D grooved 
roll model and measurements with case 1 2 1 
(ver. 2.0)

the version 2.0 pressure measurement configuration improved the 

results. The pressure distribution with the 3D grooved roll model and the measurements are 

and the performed analysis enhances the reliability of the results.

 

 

Pressure distribution of the 3D grooved 
roll model and measurements in case 1 2 0 

Figures 74a and b, 

pressure in the closing nip as the 3D grooved roll model. Differences 

In the wrap angle area the 

pressure measurement version 1.0. The problematic 

with version 1.0 estimated the highest 

underpressure in the opening nip at 262° and in the 3D grooved roll model at 275°. A reason 

was the pressure transducer dimensions blocking the groove air flow when the 

 

Pressure distribution of the 3D grooved 
urements with case 1 2 1 

the version 2.0 pressure measurement configuration improved the 

ith the 3D grooved roll model and the measurements are 

the reliability of the results. 
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3.3 Measurement uncertainty 

Evaluation of the measurement uncertainty is based on the assumption that the ambient 

temperature is constant and conversion of the electric pressure message to pressure units is 

negligible. The uncertainties in signal transfers through the wirings are not taken into account. 

The three main components: pressure transducer, strain gage amplifier, and A/D converter 

influence the pressure measurement signal, causing uncertainties. The measurement signal 

cycle is shown in Figure 75. 

 

Figure 75: Measurement signal cycle. 

The pressure transducer has uncertainties of non-linearity and hysteresis εnlh = 0.15 % and 

acceleration sensitivity εaccs = 0.0015 % [20]. The thermal sensitivity shift εtss and thermal 

zero shift εtzs are 0 %, due to the assumption of constant temperature during the measurements 

[20]. Uncertainties coming from the strain gage amplifier are excitation voltage accuracy εeva 

= 0.05 % and excitation voltage drift εevd with 10 K temperature rise in the amplifier being 

0.01 % [4]. The A/D converter measurement uncertainty εadc is defined as in Equation (22) 

 %100
,

,

⋅
⋅

=
amppsfs

adc

adcfs

adc
kU

N

U

ε , (22) 

where Ufs,adc = 20 V is A/D converter full scale voltage, Nadc = 224 is resolution, Ufs,ps = 100 

mV is pressure transducer maximum output value and kamp = 50 is strain gage amplification. 

Based on the above mentioned uncertainties, the measurement uncertainty is shown in 

Equation (23) 

 %2.0)()()()()()()( 2222222 ≈++++++= adcevdevaaccstsstzsnlhTE εεεεεεε  (23) 
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4 DISCUSSION 

The aerodynamic behavior of the grooved roll was studied in this thesis by using 

computational fluid dynamics tools as the research tool. The closing and opening nip air flows 

were studied with smooth roll CFD models in order to understand the pressure development 

phenomena. The motivation for the grooved roll project was to find a replacement for the 

vacuum roll construction. The desired feature for the grooved roll is minimizing the closing 

nip overpressure and keeping the paper attached to the fabric in the roll wrap angle area. For 

the point of view of numerical simulations, the present-day computational and modeling 

resources limit detailed modeling of grooved rolls in paper machine scale simulations. A 

grooved roll simulation tool was proposed in this thesis. The numerical models were validated 

with a grooved roll simulator in laboratory scale measurements. 

Karlsson’s theory [18] predicts pressure changes in the closing nip when the boundary 

layer development length is changed. On the basis of smooth roll simulation models, the 

closing nip pressures do not change when the boundary layer development length is changed. 

The closing nip backflow disturbs the boundary layer flows in the nip area, and therefore the 

pressure in the nip does not change. The velocity profiles in the closing nip in the present 

study showed that changes in the boundary layer development length could be observed when 

αin > 10°. The backflow origin was at αin  3°- 4°. When the surface velocity is increased, the 

air flow turbulence in the closing nip moves outwards. In this thesis, the closing and opening 

nips were solved as coupled for the first time. The influence of opening nip on the closing nip 

could be observed in the pressure curves of smooth roll simulation models. 

In this thesis, a three-dimensional grooved roll model was used to study the aerodynamic 

functionality of the grooved roll. The basic condition is that the groove is covered partly with 

an impermeable wall (wall, paper or web). The air flow experiences viscous and minor losses 

when traveling through the nips and the groove. The groove dimensions affect these pressure 

losses. The viscous losses depend on the groove cross-sectional area and the minor losses on 

the groove fraction. The surface velocities of the wall and roll enhance the boundary layer 

flows. The closing nip forces the boundary layer flow into the groove, and the opening nip 

absorbs the air out from the groove. For this reason, the air velocities in the grooves grow 

higher than the roll surface velocity, causing underpressure into the groove. The grooved roll 

functionality changes when a small or large wrap angle is used. In the case of a small wrap 
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angle, the groove viscous loss has a smaller effect compared to the large wrap angle. With the 

large wrap angle, the pressure gradient caused by the viscous losses can be observed in the 

dominant pressure curves. A 3D grooved roll model was taken as a reference case to evaluate 

measurements and a 2D grooved roll model. 

A 2D grooved roll simulation tool (GRT) was proposed in this thesis. The groove viscous 

losses were modeled in a 2D grooved roll by using the source terms. The viscous losses were 

calculated according to the basic pipe flow theory. The minor losses were described in the 2D 

grooved roll model with the porous jump boundary condition. A comparison of the simulation 

results between 3D and 2D grooved roll models revealed that the 2D grooved roll model 

predicted the air flows and the pressure distribution in good agreement with the small wrap 

angle. In the case of the large wrap angle, the source terms describing viscous losses were too 

large with the 2D grooved roll model. The pipe flow theory takes into account the groove wall 

friction on all sides. The 2D grooved roll model adds the groove bottom and top friction, and 

these walls are present in the model. Additionally, the groove top and bottom area increases 

with factor 1/Gf in the 2D grooved roll model compared to the 3D grooved roll model. In 

future model development, the 2D model groove top and bottom friction has to be taken into 

account.  

The grooved roll models were validated with laboratory scale measurements. A grooved 

roll simulator was built to study the pressure distribution in the grooves when the roll rotates 

at high speed. The measurements were made with a large wrap angle. The measurement 

results were compared to the 3D grooved roll simulation results. When the grooved roll was 

covered with a wall, the simulations and measurements were in good agreement. The closing 

and opening nip pressure curves followed each other. In the wrap angle area, there was 

relatively small difference in the pressure distribution between the measurements and the 3D 

grooved roll model. The measurement showed pressure fluctuation in the wrap angle area. 

The 3D grooved roll model describes the flow condition in the middle of a very wide grooved 

roll, and the cross directional air flows are not taken into account. The simulator includes the 

cross directional flows, which might affect the closing and opening nip pressure levels. 

When a fabric was used to cover the roll, more differences could be seen. The closing nip 

overpressure was estimated similarly in the measurements and the 3D model. The 

measurement uncertainties were estimated to be 0.2%, based on measurement device 
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accuracies. The installation of a roll land pressure transducer may have influenced the air 

flows due to the size of the pressure transducer. Fabric tension was not controlled with tension 

measurement, which may have affected the fabric permeability properties and the wrap angle. 
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5 CONCLUSIONS 

The grooved roll has potential to replace the widely used vacuum roll construction from the 

aerodynamical point of view. The grooved roll is able to remove the boundary layer flow into 

the groove, and the closing nip overpressure is in control. With large wrap angles, the groove 

is in underpressure due to air flows in the groove. The grooved roll operates differently with 

large or small wrap angles; therefore the groove dimensions need to be optimized according 

to the web handling application and desired pressure levels. 

The grooved roll simulation tool (GRT) will speed up and simplify the modeling work. 

The tool makes it possible to simulate large and complex parts of paper machines. The results 

obtained with the small wrap angle 2D grooved roll model were in a good agreement with the 

corresponding 3D grooved roll simulation. The source terms used to describe the viscous 

losses in the groove need to be reconsidered, which was observed in the 2D grooved roll 

simulation results with the large wrap angle. 

In future development work, the focus will be on the expansion of the grooved roll 

simulation tool to a full 3D grooved roll simulation tool including side leakage and cross-

directional air flows. The possibility to measure the small wrap angle of the wall or fabric 

with the grooved roll simulator could give more support to the future development work. In 

this research, heat and mass transfer and fluid structure interaction simulations were not 

included in the grooved roll models, but in the future this could be a useful option in large 

scale paper machine simulations.  
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APPENDIX A 

 

Table 5: Test cases for the geometry, velocity and fabric permeability changes. 

Case 
r  

[mm] 

Lg,w 

[mm] 

Ll,w  

[mm] 

Gf  

[mm] 

Lg,h 

[mm] 

v 

[m/min] 

Permeability 

α [m/h] 

Wrap 

angle [°] 

CFD 

model 

1 1 0 0.61R 6 6 0.5 20 1200 0 180 X 

1 2 0 0.61R 6 6 0.5 20 1600 0 180 X 

1 3 0 0.61R 6 6 0.5 20 2000 0 180 X 

1 1 1 0.61R 6 6 0.5 20 1200 1800 180 X 

1 2 1 0.61R 6 6 0.5 20 1600 1800 180 X 

1 3 1 0.61R 6 6 0.5 20 2000 1800 180 X 

2 1 0 0.61R 6 6 0.5 10 1200 0 180  

2 2 0 0.61R 6 6 0.5 10 1600 0 180 X 

2 3 0 0.61R 6 6 0.5 10 2000 0 180  

2 1 1 0.61R 6 6 0.5 10 1200 1800 180  

2 2 1 0.61R 6 6 0.5 10 1600 1800 180 X 

2 3 1 0.61R 6 6 0.5 10 2000 1800 180  

3 1 0 0.61R 4 6 0.4 20 1200 0 180  

3 2 0 0.61R 4 6 0.4 20 1600 0 180 X 

3 3 0 0.61R 4 6 0.4 20 2000 0 180  

3 1 1 0.61R 4 6 0.4 20 1200 1800 180  

3 2 1 0.61R 4 6 0.4 20 1600 1800 180 X 

3 3 1 0.61R 4 6 0.4 20 2000 1800 180  

4 1 0 0.61R 6 10 0.375 20 1200 0 180  

4 2 0 0.61R 6 10 0.375 20 1600 0 180 X 

4 3 0 0.61R 6 10 0.375 20 2000 0 180  

4 1 1 0.61R 6 10 0.375 20 1200 1800 180  

4 2 1 0.61R 6 10 0.375 20 1600 1800 180 X 

4 3 1 0.61R 6 10 0.375 20 2000 1800 180  
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APPENDIX B 

Table 6: Test cases for the spiral fabric. 

Case 
r  

[mm] 

Lg,w 

[mm] 

Ll,w 

[mm] 

Lg,h 

[mm] 

Gf  

[mm] 

v 

[m/min] 

Permeability 

α [m/h] 

Wrap angle 

[°] 

CFD 

model 

5 1 1 0.61R 6 6 20 0.5 1200 1500 180 X 
5 2 1 0.61R 6 6 20 0.5 1600 1500 180 X 

5 3 1 0.61R 6 6 20 0.5 2000 1500 180 X 

6 1 1 0.61R 6 6 20 0.5 1200 15000 180 X 

6 2 1 0.61R 6 6 20 0.5 1600 15000 180 X 

6 3 1 0.61R 6 6 20 0.5 2000 15000 180 X 

 

Table 7: Test cases for the woven fabric. 

Case 
r 

[mm] 

Lg,w 

[mm] 

Ll,w 

[mm] 

Lg,h 

[mm] 

Gf  

[mm] 

v 

[m/min] 

Permeability 

α [m/h] 

Wrap angle 

[°] 

CFD 

model 

7 1 1 0.61R 6 6 20 0.5 1200 1500 180 X 
7 2 1 0.61R 6 6 20 0.5 1600 1500 180 X 

7 3 1 0.61R 6 6 20 0.5 2000 1500 180 X 

8 1 1 0.61R 6 6 20 0.5 1200 8000 180 X 

8 2 1 0.61R 6 6 20 0.5 1600 8000 180 X 

8 3 1 0.61R 6 6 20 0.5 2000 8000 180 X 
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