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Abstract

A relatively complex dynamical model for the steam pressure and the steam velocity in a thermo mechan-
ical pulping refiner is presented. This model is derived from fundamental first principles” laws such as
mass and momentum balances. A simplified model is then derived from the relatively ” complex” model.
The simplification is to model the steam flow by the use of Darcy’s law.

Key words: TMP refiners; modeling; steam flow and pressure; consistency; motor power; partial differ-
ential equations.

1 Introduction suming that the steam is saturated.

A second experiment was done in order to meas-
A relatively complex dynamical model for the  ure the temperature profile along the refiner ra-
steam pressure and the steam velocity in a thermo  dius. The pressure profile was then computed from
mechanical pulping refiner is presented. This  the saturated steam assumption. A number of 21
model is derived from fundamental ”first prin- temperature sensors was located evenly distributed
ciples” laws such as mass and momentum balances.  along the refiner radius, 10 sensors along the flat
Resulting in a coupled partial differential equation zone and 11 along the conical zone. The maximal
(PDE) model. A simplified model is then derived  temperature where measured to be approximately
from the relatively ”complex” model. One of the 180 [°] and it was surprisingly measured at the end
simplifications is to model the steam flow by theuse  of the flat zone. This was surprising as apparently
of Darcy’s law which states that the steam velocity .the main part of energy consumption takes place
is proportional to the negative pressure gradient in. ¢ ‘in the conical section.

the refiner. The temperature profiles which where measured for
Some practical experiments are performed in order  varying refiner conditions are illustrated in Figure
to measure the pressure and temperature in the 1. The pressure profiles can be computed from'the
refiner. A TMP refiner line consisting of two Sunds  temperature profiles if saturated steam is assumed.
Defibrator refiners of type RGP-76CD with one 256 This pressure profiles are also illustrated in Figure
[MW)] motor for the st stage and one 20 [MW] 1. .

for the 2nd stage is studied. We will focusing on the development of a dynam-
In order to investigate whether saturated condi-  ical model for the refiner in the rest of this paper.
tions for the steam could be assumed between the The basic equations describing the movement of
refiner segments, a pressure transmitter is imple-  steam and the pressure profile are simply derived
mented in the fine bar section of one of the refiners  from fundamental conservation equations, such as
in order to measure the pressure. Two temperat- conservation of mass and momentum. This ap-
ure sensors was located symmetrically around the proach leads at least to a two-phase (steam and
pressure transmitter. The conclusions from this pulp) coupled PDE model in space and time. It
experiment is that it seeams no reason for not as- s also possible that a three-phase model should be
considered, i.e. steam, water and moist wood. The
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Teknikk
1

v 107
iy Systems '96




108

TMP refiner temperature as a function of radius
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Figure 1: This figure illustrate the results after an
experiment where 21 temperature sensors was loc-
ated along the CD refiner radius in order to meas-
ure the temperature profiles for varying refiner con-
ditions.

refining time constants, residence time, etc., are
fast, approximately less than a second. In order to
develop a model with reasonable computing time,
less than the real process time, some simplifying
assumptions are necessary.

The steam flows backward to the inlet of the refiner
in the region before the maximum steam pressure
and outward to the periphery in the region after
the point of maximum pressure. A reasonable as-
sumption seeams to be that the steam flow is pro-
portional with the negative pressure gradient along
the refiner radius, In this case the steam flow can
be modeled by the use of Darcy’s law, given by

Op }
—d= (1)

where u [Z] is the steam flow, p [£5] is the steam
pressure at radivs r and d [£] is a positive para-
meter. We will in this paper develop a model for
the steam flow and the pressure in the refiner from
first principles laws and then simplify the model
by the use of Darcy’s law. The resulting simplified
model is more suitable for numerical analysis and
design.

The contribution of this work is to present a dy-
namic extension of the steady state steam flow and
pressure profile model presented in [2], [4] and [5].

The use of Darcy’s law will also simplify the steady
state model presented in [2], [4] and [5]. This steam
flow and pressure profile model is also studied in
(1.

The rest of the paper is organized as follows. The
first principles or mechanistic model is presented
in Section 2. Simplified models are discussed in
Sections 3 and 4 and some conclusions follows in
Section 6.

2 Modeling of disc refiners

The following assumptions are made. The volume
of pulp in the refiner is assumed to be neglecting
compared to the volume of steam. As a first at-
tempt to predict the movement of steam; the pres-
sure in the refiner and the temperature at which the
wood is refined, the flow is modeled by ignoring the
presence of the wood.

The geometry of the refining zone of a disc refiner
is shown in Figure (2).
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Figure 2: Schematic figure of a refining zone.

2.1 Conservation of mass for the
steam

The mass balance of steam for an annular volume
of width dr at radius r is

e] k
57 (PA-dr) = (pus Ar); = (puj Ar)rasr + gArdr [=2]

Dividing with dr as dr — 0 gives
0 ¢}
—57(p4r) = golouiAr) — gAr (2)

where p [ﬁ%—] is the density of saturated steam at
radius 7, u; [Z] is the radial velocity of steam,
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q [mgs] is the mass flux of steam generated per
unit volume at radius », and A4, [m?] is the total
area available to the steam at radius r.

Define j, as the deviation from the average steam
velocity u and

puj = pu + jr 3)
The term j, is often defined as

—_por
=-D3t @

which is Fick’s law for diffusion. D is a coefficient.
Differentiating the terms on the left and right of
Equation (2), dividing both sides with A, and sub-
stituting for Equations (3) and (4) gives

dp _ . Bu 3A
—F#=rF e+ e~

_p2% _ D 2pdA, 5)

orz A, dr Or

An expression or model for the steam which is gen-
erated inside the refiner, represented by the term g,
must be developed. A simple approach is to com-
pute or estimate g as a function of the refiner motor
power which is measured. Another procedure is to
develop a model for the refiner motor power, pos-
sibly based on the ideas and the model in [3]. The
motor power P which is an output from the refining
process should be modeled as a function of the re-
finer input variables. A model for the motor power
can also be identified directly from measured input
and output data.

2.2 Radial momentum equation for
the steam

The momentum balance of steam at radius = is

%(P“Ard"') = (pu?4Ar)r — (pu?4r)rtar
+pAr)e ~ (PA)rbar — Frdr 7] (6)
Dividing with dr as dr — 0 gives
0 _ 0, 4 0
—E(puA,.) = E(pu A) + -6—7.(pAr) +f (7

where p [L] is the pressure for saturated steam at
radius 7. leferentlatmg the terms on the left and
right gives
~(p5+u) =
F(pw))+ R+t o (g)
Saubstituting equation ( 5) into ( 8) to eliminate for
3 gives ’

8 Bu 18 8A,
v _ Ou p P +f

+2q (9)

T 5+p6r+pA or p

where the term f, [%] may be expressed as
fr = %A, —~ KpQ2rA, (10)

where the first term on the right is due to the radia)
component of the skin friction force, and the second
term 1s due to the centnpetal acceleration force of
steam. Skin friction 7 [-2;] may be expressed as
in [2], i.e.

_ 1 Crpu(u®+ 2Q%r?)
T 2(u? 4+ A1 - k)2Q272) 3

(11)

where X is a constant depending on the type of
refiner, k is a slip factor and Cy is a skin friction
coefficient. An alternative expression may be

1
T= §Cfpu || (12)

A; is the total area available to the steam at radius
r, and may be expressed by

Ar = 27r25%(r) = 4nrs®(r) (13)

where 2s is the plate gap at radius r, and ® is the
porosity of pulp between the plates at radius r.

2.3 Consistency balance in the
refining zone

Consider the following mass balance of pulp water
content at radius r

7]
ETL
Dividing with dr as dr — 0 gives

pAdr) = (myc), — (mdc)r+dr — gAdr [lcsg] (14)

%(pA) £ —%(mdc) —qA (15)

where mg4 [%‘Z] is the mass flow of dry pulp passing
through the refiner and c is the consistency of water
at radius 7.

Assume that C is the consistency or dryness of
wood at radius 7, defined by

C =i (16)
mq + My

where m,, is the mass flux of water. Then we have
from (16)

My = (E —1)mg = emy (17)
which justify the mass balance, equation (14). Sub-
stituting for ¢ = § — 1 into (15) gives

o _mg 9

E(P )= ﬁg(c) —gA (18)
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2.4 Conservation of energy

The energy balance for an annular volume of w1dth
dr at radius r is

Z(pAdrH) = (pAvH), — (pAvH Yy
+edA — gAdrL [Z] (19)

where dA = 27rdr, v [2] is the radial velocity of
pulp, p [2£] is the density of pulp, A
the area available to the radial flow of pulp, ¢ [mas]

is the mass flux of steam generated per unit volume

at radius 7, € [z5; = ;ﬂ is power absorbed per

unit area of pla.t.es L[ %) is latent heat of saturated

steam, H [:Z] is specific energy (enthalpy) of pulp.
D1v1d1ng w1ﬁ1 dr as dr — 0 gives

8
Bt(
The enthalpy H is assumed to be expressed of
H=hrT (21)
where T [°C] is the temperature at radius r and
h == T ] is the specific heat of dry wood. Substi-
tuting (21) into (20) gives
9
ot

= 27r2s is

pAH) = ——(pAvH) +e2rr —qAL  (20)

(;9—r(pAth) + e2rr — gAL  (22)

(PART) = —
2.5 Algebraic relations for
saturated steam

The equations relating the density p, the temperat-
ure T, and the latent heat L of saturated steam to
the pressure p are assumed to be of the following
form

p= fi(p) (23)
T; = fa(p) (24)
L = f3(p) (25)

A discussion of (and models for) the functions f; (-),
f2(-) and f3(-) in the actual pressure range are
given in [3]. Thermodynamic data for saturated
steam in the pressure range of 1 [bar] to 15 [bar]
are shown in Table (1).
Equations relating density p, temperature T, and
latent heat L of saturated steam to pressure p [bar]
are
k
p = 0.145+0.493p [m—ﬁ (26)
T, = 9253+3691n(p) [°C] (27)

L = 2288.6— 114.2In(p) [';—j] (28)

The above expressions are sufficiently accurate for
the pressure range

2 [bar] < p < 10 [bar]

Table 1: Saturated Steam: Thermodynamic Dats,

plher] | T; [°CT | p (58] [ L [E]]
1 99.09 0.5797 | 2258.4
2 119.62 | 1.109 | 2201.8
3 132.88 | 1.622 | 2164.2
4 142.92 | 2.125 | 21344
5 151.11 | 2.621 | 2108.9
6 158.08 | 3.112 | 2087.1
7 164.17 | 3.600 | 2067.4
8 169.61 | 4.085 | 2049.4
9 174.53 | 4.568 | 2033.1
10 179.04 | 5.049 | 2017.2
11 183.20 | 5.530 | 2002.5
12 187.08 | 6.010 | 1988.7
13 190.71 | 6.488 | 1975.8
14 194.13 | 6.967 | 1963.2
15 197.36 | 7.446 | 1951.0

3 Simplified model I

In this section a simplified model of steam velocity
and pressure in a disc refiner are presented.

8, 1 Dynamic model

We will first assume that the coefficient D = 0 in
Fick’s law of diffusion, Equation (4). The equa-
tions describing the steam velocity u and steam
pressure p are given by Equations (5) and (9),
which can be written as

Su fu 18p

% = E+——+:c(r) (29)
_ 2B P O P
% = mE Tt (0
where
_ fr u p OA
z(r) = pA,»+;q oA By (31)
04,
W) = - (32)
and
Ar = 2mr2s=dnrs (33)
p = filp) (34)
I, = fip) (35)
_ dflp)
s
¢ = 3 (37)

where s [m] is half the plate clearance at radius r,
and the functions fi(-) and fo(-) are suggested in
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Equations (26) and (27). m, [A£] is the mass flux
of steam generated per unit area of refiner plate
assumed to be constant or expressed by

L ¥T>T
1 ni=zdis
W-{o €T <T, (38)

where I [£=] is the latent heat of evaporation at
the sat.urateg steam temperature T at which steam
is first generated, and e [;—Vf] is the energy per unit
area. T is the actual refiner temperature at radius
7.

If we assume a uniform distribution of the power
over the discs, then e may be expressed as

P

R O )

(39)

where P [M W] is the motor power, available as a
measurement.

3.2 Model analysis

Steady state equations describing steam velocity u
and steam pressure p are derived from (29) and
(30) and given by

nou k1
(1—ku )8_r = kyuz(r) — 73/(7') (40)
(1- kluz)%f: = —pz(r) + kjuy(r) (41)

or alternatively, substituted for # and y defined by
Equations(31) and (32).

(1 - kluz)%‘;‘- =

2
o A o Bl e (42)

(1-kut) =

—Afr G —2ug - 28 (43)

Ay Br

This means that the steady state profiles of steam
velocity and pressure can be computed (integrated
along refiner radius) directly from (40) and (41).

One problem of this model is the term 1 — kyu? on
the left hand side of Equations (40) and (41) which
is zero for the velocity ¥ = ++1/1/k;. This means
that the model has a singularity for this steam velo-
city. However, the problem is avoided by choosing
the coefficient D > 0 in the Fick’s law of diffusion,
Equation (4). When D > 0, then second order
Pressure gradients are included on the right hand
side of the model, Equations (29) and (30). The
Second order pressure gradients will merge out the
Singularity. Hence, it is important to chose D > 0
' Fiek’s law, Equation (4), in order to ensure a
Stable solution of the dynamic PDE’s model, Equa-
tions (29) and (30).

4 Simplified model II

The model of the pressure, density and steam flow
in the refiner is based on mass balance, Darcy’s low
In porous media and assumption of slightly com-
pressible flow.

Mass balance in cylindrical coordinates yields

dp Su dp pubA,

% e tiert o ¢
Darcy’s low
_ Op m
w=~dEtpg) [ (45)

where d = %, K [m?] is the permability, u [Pas]
is the fluid viscosity and g [%] is the gravitional
constant.

Equation of state

3/) = g—:—ap = kap (46)

Under isothermal conditions, fluid compressibility
B is expressed by
19V 10p
== - 47

B=—% =7 (47)
where V is the volume of a given mass of fluid sub-
stance. This means that k¥ = p8 for a compress-
ible fluid under isothermal conditions. Substituting
(45) and (46) into (44) we have the following PDE
dynamic model for the pressure profile

dp _  &p Op.. , Op _
i CIW + Cz(a—r) + 635; +cs+csg  (48)
where
c = %d
Cy = d
3 = pd[2ig+h1 (49)
Zar— p*dhg
4= "%
Cs = %
and
1 8A-
h= A or (50)

Simulation results indicate that this model is reas-
onable capable in order to fit the actual pressure
profile in the refiner. The free parameters in the
model should be considered for parameter estim-
ation, i.e., computing the parameters which min-
imize the difference (prediction error) between the
actual profile and the model profile.

Typical pressure and velocity profiles from the
model are shown in Figure( 3) and Figure{ 4).
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5 Simulation example

A simple simulation example for the pressure and:

the flow of steam in a low pressure refiner is presen-
ted. The simulation results are generated’ by the
simplified model, Equation (48), in Section 4 and
presented in Figure( 3) and Figure( 4).

Pressure profile [kPa)

035 04 0.45 05 055
Radius {em]

Figure 3: Static pressure profile. Example with in-
let radius 71 = 0.381 and outlet radius ro = 0.533.
The inlet pressure is ca. 100kPa and the outlet
pressure ca. 215k Pa.

Steam velocity profile (m/s]

- :
035 04 045 05 035

Radivs [cm)

Figure 4: Static steam velocity profile. Example
with inlet radius 7y = 0.381 and outlet radius ro =
0.533.

6 Conclusions

A dynamical model for the steam flow and the pres-
sure as a function of refiner radius is developed
from fundamental first principles. The model is
considerably simplified by assuming that the steam
velocity is proportional to the pressure gradient.
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Notation
v Steam velocity at radius r, [2]
p  Steam pressure at radius r, [bar]
p  Steam density at radius r, [rﬁn%]
¢  Steam generated at radius r, [n—’:%]
Ar  Cross sectional area at radius 7, [m?]
d  Coefficient in darcy’s law, [%]
D Coefficient in Fic’s law
d  Particle diameter or width operator, [m]
Ji Mass flow of diffusion, [£2]
7 Radial space coordinate, [m)]

71 Radius at the inlet of the refiner, [m]

72 Radius at the periphery of the refiner, [m]
t  Time, [4]

vV Volume, [m?) _

z; Mass fraction of fibers of type %, [fg]
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