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The pressure loss, flow distribution and temperature distribution of a number of designs of the hot air
chamber in a continuous flow grain dryer, were investigated using CFD. The flow in the dryer was con-
sidered as steady state, compressible and turbulent. It is essential that the grain is uniformly dried as
uneven drying can result in damage to the end-product during storage. The original commercial design
was modified with new guide vanes at the inlets to reduce the pressure loss and to ensure a uniform flow
to the line burner in the hot air chamber. The new guide vane design resulted in a 10% reduction in pres-

Iég/)words: sure loss and a y-value of 0.804. Various design changes of the hot air chamber were analysed in terms of
Fluid flow pressure loss and temperature distribution with the aim of a temperature variation of +5 K at the outlet

ducts. An obstruction design was analysed, which improved mixing and gave a temperature distribution
within the limits. However, the pressure loss was six times larger than the original design with new guide
vanes. Finally, The static mixer design resulted in a 23% reduction in the pressure loss, but had a mean
absolute deviation of 22.9 K.

© 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

Temperature distribution
Uniformity index
Continuous flow dryer
Grid convergence index

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Normally grain is harvested with a moisture content of 18-25%
[1]. Therefore, post harvest treatment, in the form of drying, is
needed in order to reduce the moisture content to 14% as this
ensures safe storage of the grain. Typically the amount of energy
used to remove water by evaporation from grain during drying is
in excess 4.5 MJ/kg, whereas the amount of energy required to
evaporate free water is only 2.3 MJ/kg and this makes the process
of drying grain an energy intensive process [2]. Therefore, it is
important to ensure that the drying process is as efficient as possi-
ble, while grain damage from drying is minimised.

In the current generation of continuous flow dryers, it has been
observed that improper mixing of the air flows in the hot air cham-
ber occurs. This causes significant variations in the temperature
and flow distributions when the air enters the grain drying column.
In Giner et.al. [3] a complex model of mixed-flow grain drying was
developed where the two-dimensional flow patterns of the air and
grain around the inlet and outlet air ducts in the drying column
have been taken into account. As a result, it was found that heating
and drying of the grain were more intense in the close proximity of
the air ducts leading into the grain column. Thus, it is important to
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obtain a uniform temperature distribution to avoid over-drying of
the grain near the air ducts. A design of the hot air chamber which
can ensure a uniform temperature distribution into the grain col-
umn is therefore desirable.

There have been several studies on the air flow and temperature
distribution in smaller dryer systems such as batch and cabinet
dryers [4,5]. However, the studies are either performed on small
or on laboratory scale dryers and in the literature the hot air cham-
ber in a full scale continuous grain dryer is seldom investigated.

The purpose of this study is to identify a conceptual design that
can be the basis for of further design improvements. These should
reduce the variation in the drying air temperature at the outlet
ducts. However, it is not desirable to increase the operation cost
and so the pressure loss in the new design must be kept as low
as possible.

2. Initial dryer design

A new conceptual design for a continuous flow grain dryer has
been developed, and the hot air chamber will be the starting point
for this study. The geometry of the hot air chamber, in the new
design, is shown in Fig. 1.

The hot air chamber, seen in Fig. 1, consists of two ambient air
inlets, where the ambient air is led into the hot air chamber by two
axial fans. Correspondingly, air that has been used to cool the grain
is recirculated into the hot air chamber through a sub-chamber.
The recirculated air is then mixed with ambient air, that has been

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Symbol Description/Unit

A Area [m?]

e Error [-]

GCI Grid Convergence Index [-]
g Grid size [m]

h Enthalpy [J/kg]

k Turbulent Kinetic Energy [m?/s?]
m Mass Flow [kg/s]

N Number of cells [-]

r Refinement Ratio [-]

p Pressure [Pa]

P Global Order of Accuracy [-]

Sign Factor [-]
Temperature [K]

Velocity [m/s]

Velocity Magnitude [m/s]
Volume [m?]

Length [m]

Uniformity Index [-]
Viscosity [Pa - s]

Density [kg/m?]

Prandtl Number [-]

Test Parameter [-]
Specific Turbulent Dissipation Rate [1/s]
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Fig. 1. Geometry of the hot air chamber.

heated by a line burner, at the end of the sub-chamber. The mixing
is not carried out upstream of the burner, due to the presence of
dust in the recirculation air, which, if passed through the burner,
could result in a fire, or a dust explosion. After the two air streams
have mixed, the air is led through a manifold, where it is dis-
tributed into the outlet air ducts. In the outlet air ducts the air is
forced through the grain in the drying column.

3. Computational methodology
3.1. Solution domain

The solution domain has been simplified in order to reduce the
number of cells needed to generate a proper mesh. Initially the
interior baffles and guide vanes in the geometry were set as plates
with a thickness of 2 mm, as this is the material thickness that will
be used in the physical construction. However, when generating a
mesh on the geometry some low quality elements were formed on
the edges of all the baffles and guide vanes. Therefore, it was
decided that all of the baffles and guide vanes should be modelled
as thin surfaces instead, thereby eliminating poor quality elements.
Furthermore, the sub-chamber to the right of the line burner was
removed in the model, as no flow is present in the sub-chamber.

The last simplification made to the solution domain was the
removal of the area above the top baffle, as the flow in this area
is not of interest.

3.2. Governing equations

The fluid flow in this study was assumed to be air in steady-
state, compressible, and three-dimensional turbulent flow. The
numerical calculation of the flow can be considered as mathemat-
ical formulations of the conservation laws of fluid mechanics. By
applying the mass, momentum, and energy conservation, the fun-
damental governing equations of fluid dynamics; the mass (1) and
momentum (Navier Stokes) (2), (3) equation can be written as fol-
lows [6]:

I(pU;)
o 0 (1)
where p is the density of the fluid, U; are the Cartesian velocity

component (i=1, 2 and 3), x; are the coordinate axes, and the
repeated indices imply summation over 1-3.

OpU)__op 0 (0U ok
Uj (9Xj n 8X,'+8Xj Man * 8Xj (2)

where p is the pressure, u is the dynamic viscosity. The Reynolds
stresses can be written as:

a(pU; 2
Rij = #f<Uj (ng )) — 3 Pkd; (3)

where (4, is the eddy viscosity, k is the turbulent kinetic energy and
g is the Kronecker symbol.

3.3. Turbulence modelling

The above equations are supplemented by a turbulence model
to account for the turbulence in the flow. In the present case, the
Shear Stress Transport (SST) k- model has been used, as it combi-
nes the advantages of the k-¢ model in the far-field region and the
k-w model in the near-wall region [7]. The turbulent flow is com-
puted in terms of two additional parameters, i.e. the turbulent
kinetic energy, k, and the specific turbulent dissipation rate, w.
The turbulent kinetic energy and the specific dissipation rate are
computed using Egs. (4) and (5), respectively [6,8]:

o(pku;) 0 ok ~

ax; = an Fk (9Xj =+ Gk Yk -+ Sk (4)
opou) _ 0 (1 00y

axl - 8)(] FUJ BXJ + G(H Y(U + DUJ + S(U (5)
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where T, and T, are the effective diffusivity of k and w, Gy is the
generation of turbulent kinetic energy caused by mean velocity
gradients, G, is the generation of w, Y, and Y, are the dissipations
of k and o due to turbulence, D, is the cross-diffusion term and S;
and S,, are the user-defined source terms.

The effective diffusivities for the SST k-« model are determined
using the following expressions [7,6]:

Fe=pt gt (6)
rw=u+(‘% (7)

where ¢, and o, are the turbulent Prandtl numbers for k and w,
respectively. They are determined using the following equations
[7,6]:

1
0-’<:F_1+(‘1—F1) (8)
Ok Ok2
1
0o =F ar ©
Ot 02

where F; is a blending function.
The turbulent viscosity p, is computed using the following
expression:

where o is a damping coefficient for turbulent viscosity,
S = /25;S; is an invariant measure of the strain rate with S; being
the mean strain rate tensor, a; is a constant and F; is a blending
function.

3.4. Temperature

To have a temperature reference in the air duct outlets, it has
been assumed that complete mixing of the different air streams
occurs. This allows the temperature of the mixed air streams to
be given as:

DY SV
Y (11)
Tin :f(hi.n)

where h;, is the enthalpy of combined air stream, h; is the enthalpy
of individual air stream, and r; is the mass flow of individual air
stream.

The expressions described in Sections 3.2 and 3.3 are nonlinear
partial differential equations and these expressions are solved
numerically using the computer code ANSYS Fluent, ver. 17.2.
The accuracy of the numerical solution is contingent on how well
the discretised equations depict the original partial differential
equations. ANSYS Fluent applies the finite volume method to dis-
cretise the partial differential equations and uses a non-staggered
grid approach, where the values of the variables are computed at
the centre of the cells [8]. The governing equations are discretised
using the second-order Upwind scheme. The COUPLED algorithm is
utilised to link the velocity and pressure, where the pressure term
is discretised using the second-order scheme.

3.5. Mesh generation

All meshing performed in this study was accomplished using
CutCell assembly meshing from ANSYS Meshing ver. 17.2 [8]. The

Fig. 2. Generated mesh at the guide vanes.

major advantages of the CutCell method is that it reduces the time
needed to mesh complex geometries and usually results in high
quality hexahedral mesh elements, which commonly leads to a fas-
ter solution convergence. It was not possible to generate a global
boundary layer using the Cutcell method. The cell size, on the
internal surfaces of the solution domain, was instead significantly
reduced in an effort to represent the presence of a boundary layer.
The mesh generated at the guide vanes in the bottom of the hot air
chamber is shown in Fig. 2.

3.6. Boundary conditions and assumptions

The line burner has a high air excess ratio, and is essentially a
row of gas jets on a pipe with the combustion air flowing around
the pipe. To simplify the computation and to limit cell usage at
the line burner, the combustion process at the line burner is
neglected. The combustion process is instead approximated by
air at 1500 °C, which correspond to the temperature of the com-
bustion products. Furthermore, the walls are assumed to be adia-
batic, meaning that there is no heat transfer between the hot air,
inside the air chamber, and the ambient air. Under real operating
condition the axial fans installed at both the ambient air inlet
and the recirculation air inlet, might result in an uneven and swir-
ling velocity profile at the inlets. As the velocity profiles of the axial
fans are not known, it would require a secondary study to acquire
the profiles. Therefore, it is assumed that the velocity profile at the
inlet resembles a plug flow. The inlet conditions have been pro-
vided by a commercial source. The values presented in Table 1
are for a half hot air chamber.

3.6.1. Symmetry

It is seen in Fig. 1 that the solution domain has a symmetry
plane between the two recirculation air inlets. It has been investi-
gated, whether it was reasonable to model half the hot air chamber
with a symmetry plane instead of the full-sized chamber, in further
simulations of the hot air chamber. This was done by examining
the temperature and mass flow in the outlet air ducts on each half
of the symmetry plane. This was also done for different plane cuts
taken in the solution domain. It was found that there was good
agreement between the temperature and mass flows in the two
symmetry halves, except for five of the outlet air ducts, where
the temperature difference ranged between 38 and 20 K. However,
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Table 1 Table 3
Boundary conditions for the hot air chamber. Results from the GCI test.
Boundary Mass flow [kg/s] Temperature [°C] Variable Value Variable Value
Ambient air inlet 16.8 15 1 1.14 e2! 1.1%
Recirculation air inlet 21 40 3 1.07 ezl 3.7%
Line b inlet 1.5 1500
1ne burner inle P 1.88 C‘lezirlm 4.7%
Ap2L 727 [Pa)
the benefits of improved mesh quality, cell count and computa-
tional time when using the symmetry model outweighed the dif- P
ferences present, when modelling the full-sized hot air chamber. q(P)=1In (rﬁl s> (15)
32
4. Verification ) €3
s=1-sign <e_> (16)
. 21
4.1. Grid convergence test
3. Calculate the extrapolated value.
A grid convergence test on the solution domain has been con- b — ¢
ducted. As it is important to keep the pressure loss in the new A=nrl -2 (17)

design at a minimum, and because the pressure loss is global for
the domain, it has been chosen as the test parameter when testing
for grid convergence. The pressure loss is determined as the differ-
ence in the area weighted average of the total-pressure in the
ambient air inlets and the outlets. Three progressively finer
unstructured grids of the solution domain have been created for
the test. The number of cells in the grids and the pressure loss
for each, can be seen in Table 2.

The test has been performed with the Grid Convergence Index
(GCI) [9,10]. This method is widely utilised across different areas
in the CFD community [11], as it provides a uniform way of report-
ing the accuracy of the grid independence test. The GCI method uti-
lises Richardson’s extrapolation to estimate the value of the test
parameter (¢) when the grid spacing approaches zero, and pro-
vides a 2¢ error band, for the approximated value. The procedure
for estimating the GCI for the different meshes can be summarised
as follows:

1. Define the refinement ratio between the grids. To define the
refinement ratio, a measure of the cell size must be determined:

1 3
= x> av 12
g {NJZI } (12)

where g is the grid size, N is the number of cells in the domain
and AV is the volume of the individual cell. The refinement ratio
can then be defined as:

ry =3t (13)

2. Calculate the apparent global order of accuracy.
The apparent global order of accuracy is solved in an iterative
process, as the refinement ratio between the first and second
grid, is not the same as the second and third grid. The apparent
global order of accuracy can be given as:

1 n(

“In(rn)
where P is the apparent global order of accuracy and €; = ¢; — ¢;.

€32

€21

)+am) (14)

Table 2
Number of cells and pressure loss in grids for solution domain.

Grid Number of cells Pressure loss [Pa]
1 4568 -10° 700
2 3.039-10° 692
3 2.484-10° 671

ext — P
ry, —1

4. Calculate the estimation errors and GCI.

21 _ 91— ¢
el = (P19 (18)
¢ b1
where e2! is the approximate relative error.
21
e = (fe (19)
(bEX['
where e}, is the extrapolated relative error.
1.25¢2!
21
GCline = 37— (20)

where GCI;, is the fine grid convergence index.

The results of the GCI test is shown in Table 3.

It is recommended that r; is greater than 1.3, which is not the
case for the meshes tested. However, it was considered that the
solution with a coarser grid gave an unacceptable result. The
numerical uncertainty for the pressure loss is 4.7%, which could
be improved, though the limited computational capacity precluded
further analysis and the solution is said to be grid independent. As
a grid convergence test is a computationally demanding task, it is
assumed that the grids created for the various design changes
can be said to be mesh independent. Therefore, the same approach

to the grid generation is employed as in grid No. 1 with 4.568 - 10°
cells, when design changes are made to the hot air chamber.

5. Results and discussion

If the ambient air and the hot air from the line burner is prop-
erly mixed the temperature of the combined air stream was found
to be 152 °C. By further mixing the heated ambient air with the
recirculation air the temperature of the outlet air was found to
be 92 °C.

5.1. Original design

The temperature distribution in the outlet ducts from the orig-
inal design is shown in Fig. 3. It can be seen that the temperature in
the centre ducts lie in the range of 100-150°C. The air temperature,
in the first four rows of the vertical ducts, is only 5-15 K above the
recirculation air temperature. This indicates that the mixing
between the heated air and the recirculation air is not satisfactory.

It was investigated what was the cause the poor mixing of the
recirculation air and the heated air. It was found that the heated
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Temperature in outlet ducts

o o
o =]

Temperature [°C]
w
o

Horizontal duct number - 1 Vertical duct number

Fig. 3. Temperature distribution in outlet ducts of original design.

air was clinging to the outer wall of the mixing chamber, and
thereby not mixing with the cooler recirculation air. In Fig. 4 it is
can be seen, that the baffle above the recirculation sub-chamber
causes a large separation zone, where the low pressure causes
the recirculation air to wrap around to the lower outlets.

It is clear from the temperature distribution in the outlet ducts,
shown in Fig. 3 and the temperature contour with a velocity vector
overlay in Fig. 4, that the baffles at the top of the sub-chambers
restrict the mixing of the heated air stream and the recirculation
air. Furthermore, the large separation zone created also contributes
to a poor temperature distribution in the outlets. With a pressure
loss of 700 Pa in the hot air chamber, which is much larger than
desired, the first change to the design should have the aim of
reducing the pressure loss. Depending on the reduction in pressure
loss it is then possible to change the configuration of the baffles in
the mixing chamber. With the guide vanes at the ambient air inlet
in the original design being straight plates with a 135° bend, and
the inlet being above the bottom of the guide vane chamber, it
was observed that this configuration caused large separation

Temperature
Contour 2

2.488e+002
2.358e+002
2.2286+002
2.0986+002
1.969e+002
1.8396+002
1.7096+002
1.5796+002
1.4496+002
F 1.319e+002
' 1.189e+002
1.059e+002
9.2946+001
7.9956+001
6.6966+001
5.3976+001
4.0986+001
2.7996+001
1.5006+001

[C]

Fig. 4. Temperature contour with velocity vector overlay, of the mixing chamber for
the original design.

zones, which in effect cause an increase in pressure loss. Therefore,
a study of the guide vanes was conducted.

5.2. Guide vane designs

One of the main requirements of the new dryer is, that the
velocity of the air passing over the burner must be uniform to
ensure an even heat distribution in the flow. Furthermore, it is
required to have a maximum velocity in the range of 10-12 m/s,
as larger velocities will cause an unstable flame in the burner.
Large flow separation zones form behind the flat plated guide
vanes, installed in the original hot air chamber design, which cause
a pressure loss. In an effort to reduce the total pressure loss in the
hot air chamber, and to have a uniform flow around the burner,
three new designs of guide vanes have been tested and compared
to the original. The effect of installing guide vanes in various sys-
tems, to obtain a better flow uniformity and a reduced pressure
loss, has been reported widely in the literature [12-14].

In order to design new guide vanes, in a consistent manner, it is
assumed that the ambient air flows through a 90° sharp elbow
bend with an expansion. The three new guide vane designs, includ-
ing the original, can be seen in Fig. 5. The short guide vanes were
designed using expressions from [15,16]. The long guide vanes
were constructed using the same design, as the short guide vanes,
but with extended lengths.

5.2.1. Uniformity of flow

To assess the uniformity of the flow around the burner, the uni-
formity index (UI), y, can be applied. The Ul has been utilised to
indicate the degree of flow distribution in automotive catalytic
converters [17]. The UI applied in this study describes how well
a given flow, through a cut plane, resembles a plug flow. The Ul
can be written as [18]:

o 1 i A,‘ |Ui—77|
V_12'<2Am'v> (21)

i=1

No guide vane Original

5

New long guide vane

New short guide vane

N
XJY

Fig. 5. Sketch of the four different guide vane designs, where a) indicate the axial
fan inlet and b) indicate the burner.
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where 7 is the uniformity index, n is the number of cells in the cut
plane, A; is the area of the individual cell in the cut plane, A, is the
total area of the cut plane, ¢; is the velocity magnitude in the indi-
vidual cell in the cut plane and 7 is the mean velocity in the cut
plane.

The value of y ranges between 0 and 1, where 1 indicates a uni-
form flow, and zero corresponds to »; = 0 in all but a cell point.

5.2.2. Results of different guide vane designs

In Fig. 6 the mean velocity profiles at the line burner for the four
designs: no guide vanes, original guide vanes, curved guide vanes
(New short GV) and extended length of curved guide vanes (New
long GV), are shown.

It can be seen that the velocity for the design with no guide
vanes increases towards the centre of the burner sub-chamber.
This is expected, as the flow cannot make an abrupt turn, when
it reaches the expansion after the inlet. The velocity profiles of
the original design and new design with elongated guide vanes,
both have a jagged profile because the distance between the bur-
ner and the top of the guide vanes is too short for the flow to
become fully-developed. The uniformity of the flow at the line bur-
ner and the pressure loss over the domain are shown in Table 4.

From the velocity profiles in Fig. 6, and the uniformity and pres-
sure losses in Table 4, it is clear that the new design with short
guide vanes is the best choice for further development, as it has
the lowest pressure loss combined with a high uniformity of the
flow around the line burner. Therefore, it was implemented in all
further simulations of the hot air chamber.

It was seen in Fig. 3, that the original design of the hot air cham-
ber did not produce a uniform temperature distribution in the out-
let ducts, which is the main objective of this study. Therefore,
design changes to the hot air chamber were conducted to improve
the mixing of the heated ambient air and recirculation air.

5.3. Nozzle implementation

It is seen in Figs. 3 and 4 that the temperature and flow distri-
butions are uneven and that the heated ambient air predominantly
moves near the outer walls of the chamber. To counteract this flow
behaviour, the position, of the recirculation and burner sub-
chambers, is shifted. Furthermore, the baffle at the exit of the bur-
ner sub-chamber is angled to resemble that of a nozzle. Baffles are
used in a variety of applications, such as improving the mixing of
materials, directing fluid flow and increasing the heat transfer rate
in heat exchangers and flow channels [19-21]. The purpose of the
baffles at the end of the sub-chambers is to induce mixing between
the two air streams and to control their flow directions. The pur-
pose of forcing the air through the baffle, resembling a nozzle, is

Mean Velocity Profiles At Burner

v-velocity [m/s]

6 S\ 52 -6-No GV
-4 Orginal
4+ New Short GV
-8-New Long GV
2 I I I I |

0 0.5 1 15 2 25

x-direction [m]

Fig. 6. Velocity profiles for z-velocity at the line burner. The x-direction is shown in
Fig. 5.

Table 4

Uniformity of ¢-velocity at the line burner and pressure losses for the four designs.
Design Pressure loss [Pa] Uniformity y
No GV 613 0.708
Original 700 0.737
New short GV 630 0.804
New long GV 656 0.776

to ensure that the recirculation air flow does not remain along
the outer wall, but is instead mixed with the heated ambient air.
Furthermore, the angle of the baffle plate at the burner sub-
chamber is reduced by 20° in order to increase the velocity of
the heated air by a factor of two relative to the recirculation air.
In Fig. 8 the design changes, of the hot air chamber, is seen.

A uniform temperature and flow distribution was, however, not
achieved by implementing the above design changes. Instead of
having the predominantly hot air at the top outlet sections and
cooler at the bottom, the hot air is primarily entering the bottom
sections and the cooler air at the top sections. This is apparent in
Fig. 7. In addition, the pressure loss is significantly higher due to
the nozzle at the outlet of the burner sub-chamber.

5.4. Flow obstruction implementation

The implementation of a nozzle at the end of the burner sub-
chamber and shifting the position of the recirculation and burner
sub-chambers had no effect on improving the temperature and
flow distribution at the outlet ducts, as seen in Fig. 7. Conse-
quently, a new hot air chamber design was analysed. This alterna-
tive design is inspired by an optimised design of an existing
continuous flow dryer. The main feature of this design consists of
flow obstructions installed to accelerate mixing of the two air
streams. U-shaped plates are placed over the burner in a cross pat-
tern to increase turbulence in the heated ambient air flow. The bur-
ner sub-chamber is connected to the recirculation sub-chamber by
the means of air ducts, which forces the heated ambient air to mix
with the recirculation air, before it is led through to the outlet
ducts. The design, of the hot air chamber with flow obstructions
implemented, is shown in Fig. 9. By performing these design
changes the temperature distribution at the outlet ducts were very
uniform and this is seen in Fig. 10. However, the implementation of
the flow obstructions caused a significant pressure loss in the hot
air chamber.

Temperature in outlet ducts 170

Temperature [°C]

Horizontal duct number Vertical duct number 0

Fig. 7. Temperature distribution at the outlet ducts for the design with nozzle
implementation.
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Fig. 8. Cross sectional views of the hot air chamber with nozzle implementation.

Obstruction Static mixer

Fig. 9. Geometry of the hot air chamber with the flow obstructions and the static
mixer implemented, respectively.

5.5. Static mixer implementation

With the large pressure loss in the obstruction design, a new
design approach was analysed. Inspiration was gathered from
existing mixing devices and in particular static mixers. Static mix-
ers are especially used in the process industry in a variety of appli-
cations, such as single-phase and two-phase continuous co-current
gas-liquid dispersions, and as mass transfer enhancement [22,23].

A static mixer was designed and implemented at the outlets of
the sub-chambers of the burner and the recirculation air. The

Temperature in outlet ducts

100

Temperature [°C]

Horizontal duct number 9 1 Vertical duct number

Fig. 10. Temperature distribution at the outlet ducts for the design with flow
obstruction implementation.

design of the static mixer is inspired by existing mixers on the mar-
kets, such as the HEV static mixers from Chemineer Inc., LPD and
LLPD motionless mixers from Ross Engineering Inc. and the pitch
blade turbine impellers from Fusion Fluid Equipment. The aim is
to test if the use of static mixers in fact improve the mixing of
the two air streams. For that reason, the design of the mixer is kept
simple and also to allow for a simpler mesh generation process.
The geometry of the static mixer comprises of six flat plates angled
at 25° in a propeller type shape. In Fig. 11 the geometry, of the
designed static mixer, is seen. A cross sectional view, of the hot
air chamber with static mixers implemented, can be seen in Fig. 9.

In Fig. 12 the temperature distribution at the outlet sections,
with the static mixer installed, is shown. It is evident, that the
design changes resulted in an even mixing between the recircula-
tion and heated ambient air streams. This is especially apparent in
the vertical outlet sections number 4-6, where significant temper-
ature peaks occur. As improper mixing between the air streams
from the recirculation and burner sub-chambers occur, the heated
ambient air flows mainly into outlet sections 4-6, which causes the
high temperature peaks. That said, there is a fairly uniform distri-
bution from the vertical outlet sections 7-14.

In Fig. 12 the temperature distribution at the outlet sections,
with the static mixer installed, is shown.

5.6. Design evaluation

In an ideal design the temperatures should only vary +5 K from
the mean temperature in the outlet ducts. To assess the tempera-
ture distribution at the outlets in the different designs, the mean
absolute deviation (MAD) of the temperature distribution in the
outlet ducts have has calculated. The pressure losses and MAD, of
the five different designs investigated, are shown in Table 5.

As previously shown it is clear that the implementation of the
new guide vanes, at the ambient air inlets in the original design,
reduced the pressure loss in the hot air chamber significantly

Fig. 11. Design of the developed static mixer.
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Fig. 12. Temperature distribution in the outlet ducts of the design with static
mixers implemented.

Table 5
Pressure losses and mean absolute deviation for the five designs.

Design Pressure loss [Pa]  Mean absolute deviation [K]
Original 700 31.7
Original new guide vane 630 24.8
Nozzle 1282 314
Flow obstruction 2962 4.57
Static mixer 485 229

compared to the original guide vane design. Furthermore the
implementation of the new guide vanes decreased the MAD from
MAD from 31.7 K to 24.8 K.

In addition, it was found that the flow of the heated air clung to
the outer wall. In an effort to break the flow running along the
outer wall the position, of the burner sub-chamber and the recircu-
lation air sub-chamber, was exchanged, and the angle of the baffle
above the burner sub-chamber was reduced to increase the veloc-
ity of the air. These changes to the design resulted in an increased
size of the separation zone behind the baffle above the burner sub-
chamber. This, in effect, resulted in a reduced mixing of the recir-
culation air and the heated ambient air, and it can be seen, in
Table 5, that the design has the largest MAD-value of all the
designs that have been analysed. Furthermore, the implementation
of the nozzle increased the pressure loss to 1282 Pa, which is dou-
ble that of the original design.

After the analysis of the original and the nozzle design, it was
clear that the baffles above the sub-chambers did not improve
the mixing of the heated ambient air and the recirculation air.
Therefore, a new design where the baffles are substituted by a ser-
ies of ducts, which force the heated ambient air into the recircula-
tion stream, was analysed. As it was shown in Fig. 10 the
temperature distribution in the outlet ducts is essentially uniform,
and this is further confirmed with a MAD of only 4.57 K, which is
lower than the goal set, which was +5 K. However, it was found
that obtaining an even temperature distribution comes at the
expense of a pressure loss of 2962 Pa.

In the four designs tested it was observed that either the tem-
perature distribution were too uneven or the pressure loss was
too large. Based on these observations it was investigated, whether
the implementation of static mixers could improve the mixing of
the recirculation air and the heated ambient air, while retaining
a reasonable pressure loss. From the simulation results it was seen
that the implementation of the static mixers did increase the mix-
ing compared to the original design especially in the top half of the

outlets. Additionally, the MAD decreased from 24.8 K, in the origi-
nal design, to 22.9 K. It was also found that the pressure loss was
reduced from 630 Pa in the original design to 485 Pa with the
implementation of the static mixers.

6. Conclusion

A CFD model was developed to study the air flow in the hot air
chamber of a newly designed continuous flow grain dryer. The
main focus of the study was to model the air flow and to improve
the mixing of the recirculation and heated ambient air streams. It
was concluded that the original design resulted in poor mixing,
and thereby an uneven temperature distribution at the outlet sec-
tions. Considering, that a varied temperature distribution at the
outlet sections can lead to improper drying or damage to the
end-product, various design changes were analysed to improve
these parameters. New guide vanes were designed to reduce the
pressure loss and to increase the uniformity of the flow entering
the burner sub-chamber. Following the successful reduction of
the pressure loss the new guide vanes were implemented in the
various hot air chamber designs. The design with the nozzle imple-
mented did not significantly improve the mixing of the two air
streams, however it led to a notably increased pressure loss of
1214 Pa. The effect of installing multiple flow obstructions in the
hot air chamber was a highly uniform temperature distribution
at the outlet sections and a MAD value of only 2.72 K, which is
within the range of the +5 K goal, though the high flow uniformity
came at the price of a significantly increased pressure loss of 2859
Pa, which is considerably higher than that in the current range of
continuous flow dryers. The design, using static mixers, slightly
improved the uniformity of the flow entering the outlet ducts com-
pared to nozzle design, as it led to MAD of 24.1 K. Including static
mixers and removing the baffle at the end of the recirculation and
burner sub-chamber, led to a pressure loss of 399 Pa, which was
the lowest of all the hot air chamber designs. The static mixer
design can serve as a promising conceptual design for further
optimisation and improvement of the hot air chamber.
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