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h i g h l i g h t s

� Heat transfer to natural fibre suspensions is governed by fibre properties and velocity.
� Heat transfers to fibre suspensions are affected by the fibre manufacturing methods.
� Heat transfers are affected by the degree of chemical and mechanical treatment of fibres.
� Heat transfer coefficient decreases with increasing of fibre flexibility.
� Heat transfer to fibre suspensions could be correlated with the fibre and paper properties.
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a b s t r a c t

Heat transfer measurements were obtained for a range of suspensions of wood pulp fibre flowing
through a pipeline. Data were generated over a selected range of flow rates and temperatures from a
specially built flow loop. It was found that the magnitude of the heat transfer coefficient was above water
at equivalent experimental conditions at very low fibre concentrations, but progressively decreased until
it was below water at slightly higher concentrations. It was found that the heat transfer was affected by
varying fibre properties, such as fibre length, fibre flexibility, fibre chemical and mechanical treatment,
the variation of fibres from different parts of the tree as well as the different pulping methods used to
liberate the fibres from the wood structure. Heat transfer coefficient was decreased with the increasing of
fibre flexibility as found by previous workers. In the present investigation properties of fibre and paper
are correlated with heat transfer to suspensions of fibres. Variations in fibre characteristics can be
monitored in flowing suspension of fibres by measuring heat transfer coefficient and using those
measurements to adjust the degree of fibre refining treatment so that papers made from those fibres are
more uniform, more consistent and within product specification.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Even at low populations the flowing flexible elastic fibres in
suspension form collide and entangle. Fibre bundles or flocs can
behave differently from the individual fibres of themselves.
Three-dimensional floc structures or networks develop with the
increase of fibre concentration in suspension which occupies the
entire pipe volume. Thus the transport properties and the shear

mechanisms of the suspension are markedly different from other
slurries and suspensions [1].

The frictional pressure loss of suspensions is significantly
greater than that for water alone at low flow velocities but at
elevated velocities and shear rates the dispersed fibres and fibre
fragments of suspensions contribute to the reduction of the friction
loss below the level for water (drag reduction) by damping tur-
bulence. Between plug flow and fully-developed turbulence in the
transition region fibres, fragments of flocs, and a network core
coexist, which provide the very different momentum transfer
mechanisms. Fibre structures of interlocked nature and elastic fi-
bres can act as a solid continuum to enhance momentum transfer.
Flexible fibres and flocs having visco-elastic behaviour can damp
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turbulence, which develops a ‘momentum transfer competition’.
These competitive processes result in an initial increase in drag
reduction, a maximum lowering in frictional pressure loss, which is
followed by a decrease in drag reduction [2] with the increase of
flow velocity.

The fibre-flocs-liquid interactions [3] govern the momentum
and also the heat transfer. Thus it might be expected that the
measurements of pressure drop and heat transfer coefficient
should be closely related. Fibres obtained from different sources
(different parts of the same tree), different processes (chemical
treatments, mechanical refining at different levels, thermo-
mechanical treatment, bleaching etc.) and due to their inherent
variable fibre characteristics (length, flexibility etc.) have an impact
on suspension heat transfer and friction loss.

The proper design of fibre processing plant and the end product
manufacturing plants could be correlated strongly with the
knowledge of the friction loss andheat transfer characteristics of the
suspensions of the processed fibres. Thework reported here further
throws some light onto the heat and momentum transfer mecha-
nisms in the flowing fibre suspensions and provides a correlation
between them and the fibre and paper properties. The results could
finally open up a basis for further investigations relating to reduc-
tion of production loss in fibre final product processing plants.

2. Literature review

Properties of fibres in suspension form are a matter of concern
in a diverse range of industries such as pulp processing, paper
making, paper processing, fibre composite manufacture, textile
manufacture, long-chain polymer processing, packaging etc. Closed
conduit flow of fibre suspensions has been studied with the
emphasis on the effect of fibre dimensions on turbulent drag
reduction [4,5]. So far little work has been reported on heat transfer
to fibre suspensions. Middis et al. [6] studied heat transfer and
friction loss of fibre suspensions prepared from wood pulp fibres
and nylon filaments to study the influence of fibre stiffness and
aspect ratio (length to diameter ratio) on heat transfer and fric-
tional pressure drop. They had given their main attention to fibre
concentrations of more than 2% where fibres entangle and form
network structures. Later Kazi et al. [7] worked with fibre sus-
pensions of low consistency and studied heat transfer and frictional

pressure drop of wood pulp fibre suspensions of different quality
flowing in a pipe. They reported that the reduction of heat transfer
coefficient was due to the effect of fibre on turbulent phenomena at
low concentrations (<0.4%). On the other hand Middis et al. [6] had
noted that at higher concentrations the reduction of hc is caused by
the development of a thin shear layer between the pipe wall and
the fibre plug network (interlocking fibres). Later Duffy et al. [8]
considered these findings and correlated hc with fibre and paper
properties. They observed that at low fibre concentrations little
alterations in fibre properties are sensed by little change in hc. The
hc values are altered with the variation of flow velocity, concen-
tration of fibre (population), length, flexibility, coarseness (mass
per unit length), surface topography and the amount of fibrillar
fines present in the suspension. They reported that, the trends in
the data of hc could be correlated and utilised to predict specific
fibre and paper properties. This should go a long way in dimin-
ishing paper quality changes and the retardation of the production
of low quality or reject papers. Frictional pressure drop DP/L data
[9] were incorporated in the study and satisfactory correlations
were also achieved with fibre and paper properties.

Recently some investigators have been focused on spatial and
oriental distribution of fibres in various flow fields with numerical
and some experimental approaches [10e15]. Olson and Kerekes
[16] have reported numerical simulation and experimental vali-
dation of spatial and orientation distribution of fibres in various
flow fields. Some investigators have further extended the investi-
gation by incorporating research on shear flow behaviour of fibre
suspensions [17e19]. Extensions of previous works were under-
taken to study further and correlate fibre properties related to
sources, extent of processing etc., to heat transfer and friction loss
suspension characteristics. A new pipe flow loop was built to study
the suspension flow behaviour and corroborate the results from
previous pipeline studies [8]. The present work has aimed to
generate more data experimentally for future development of valid
models of turbulent fibre suspensions and introduce insight on the
advancement of fibre processing and reduction of paper production
loss by on-line monitoring of hc or friction loss of suspensions.

3. Experimental

3.1. Pipe line flow loop

A schematic diagram of the experimental test loop is presented
in Fig. 1a. The flow loop consists of a tank, a variable-speed driven
pump, a magnetic flow meter, pressure transducers, heated pipe
test section, coolers and a recycle piping system. The fibre sus-
pensions are pumped by an Allis-Chalmers PWO Stock pump from
the 400 L capacity steel tank. The pump is driven by a 20 kW AC
motor which is controlled by a Plessy variable speed AC controller.

As per requirement the suspension flow could either be recycled
directly to the tank or directed through the flow loop. The down-
stream pipe diameter is made the same as the test section. The fibre
suspension flow was measured by a 50 mm bore ABB KenteTaylor
Electromagnetic flow meter (calibrated in the range 0e20 L/s)
installed before the test section. Heat gained by the test liquid at the
test section is cooled by a coaxial pipe heat exchanger and a sub-
merged coil-cooler in the tank. The flow loop piping except the test
section is Class D, 50 mm, pressure 800, PVC pipe. Details of the test
set-up are presented elsewhere [20,21].

3.2. Heat transfer test section

The heat transfer test section was designed and constructed at
the University of Auckland. The sectional view of the experimental
test section is presented in Fig. 1b. The heat transfer test section is

Nomenclature

a radius of the circular duct, m
d diameter of pipe, m
G friction factor, (Fanning)
q heat flux, W/m2

u velocity, m/s
DP pressure drop, kPa
DT temperature difference, K or �C
ε height of roughness, m
ε/a roughness height
l thermal conductivity, W/mK
m dynamic viscosity, kg/ms
r density, kg/m3

n kinematic viscosity, m2/s
ut turbulent friction or shear velocity, ut ¼ um

ffiffiffi
f
2

q
Reε roughness Reynolds number, Re

ε
¼ εut/n

Nusselt Number Nu ¼ hc$d/l
Prandtl Number Pr ¼ cp$m/l
Reynolds Number Re ¼ r$u$d/m
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