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Abstract: Computational fluid dynamics modelling of single-phase and multiphase flows
was used to simulate the temperature and relative humidity at various locations in an empty
rubber-sheet drying chamber. In all planes, unlike the single-phase model, the multiphase
model’s temperature distribution is relatively uniform, and the temperature deviations are
0.01-4.73°C in the bottom plane, 0.02-4.05°C in the middle plane, and 0.01-3.84°C in the top
plane. The single-phase model results in temperature deviations of 0.55-6.63°C, 0.02-6.02°C
and 0.36-3.89°C in the bottom, middle and top planes respectively. Thus, the multiphase
model is deemed superior. The inclusion of water vapour in the multiphase model increases
the agreement between model and experimental temperature data. The largest temperature
deviations occur at the centre-frontal positions of all planes owing to the turbulence of the
hot gas at the inlet. In all planes the relative humidity is almost uniform, except near the
centre-frontal area of the bottom plane. Clearly, the multiphase model is more appropriate for
simulating chambers containing rubber sheets, though the diffusion of moisture from rubber
sheets needs to be considered as well.
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INTRODUCTION

Multiphase flow is the simultaneous flow of fluids at different states or with different
phases. Multiphase models have been widely used in engineering applications. However, to date,
most numerical simulations and physical modelling are based on single-phase methods.
Nonetheless, computational modelling of multiphase flow has been used to study complex multicomponent systems. The use of computational fluid dynamics (CFD) is increasingly becoming
popular in modelling fluid flow and heat and mass transfer because CFD is an accurate, effective
and cost-efficient method [1-5]. Simultaneous heat and mass transfer under transient conditions is
common in drying processes and CFD simulations have been widely used to analyse problems of
fluid flow in drying processes [6-12]. Understanding fluid flow and heat transfer in the naturalrubber smoking process will help improve rubber’s drying process and quality. Several previous
studies have reported the use of the CFD modelling of single-phase fluid flow and heat transfer in
rubber-smoking rooms [13, 14]. In this study, we used CFD simulation of single-phase and
multiphase models to obtain the temperature and relative humidity in an empty rubber-sheet drying
chamber and to assess the effect of a second phase (vapour).
SIMULATION APPROACH

Velocity, temperature and moisture can be determined by solving the continuity, momentum
and energy equations respectively for fluid flow and heat and mass transfer, along with appropriate
boundary conditions.
Governing Equations
Fluid flow can be described by the governing partial differential equations of mass,
momentum and energy. Results are determined by solving these equations simultaneously. The
governing equations for incompressible flow and Newtonian fluid are given by the following [15]:
Continuity equation

Momentum equation

Energy equation

where u is the vector velocity (m/s), P is the pressure (N/m2), ρ is the density (kg/m3), g is the
gravitational acceleration vector (m/s2), β is the thermal expansion coefficient,  eff is the effective
T

viscosity (kg/m s), u is the transposed mean velocity (m/s), T 0 is the system surrounding
temperature (reference temperature, K), T is the temperature (K), I is the unit tensor, eff is the
effective conductivity (W/m K), t is the time (s), J j is the diffusion flux of species j (kg/m2s),
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H j is the enthalpy of species j (J/kg), τeff is the effective stress tensor, S E is the source term, and
E is the total energy:

u2
represents the kinetic energy.
2
For turbulent flow, Reynolds stress and turbulent heat flux can be calculated using the
standard k   model [13]. The equations for the kinetic energy of turbulence ( k in the k   model)
and its dissipation rate (  ) are the following [15, 16]:
where H is the enthalpy (J/kg), u is the velocity (m/s), and

k Equation

 Equation

where the model constants are:
C μ  0.09, C1  1.44, C 2  1.92, C 3  1.0, σ k  1.0 and σ ε  1.217

The ρε term in Eq. (5) is the destruction rate,  is the viscosity (kg/m s), Pk is the shear production
[13] and G is the buoyancy production [13]:



(8)


where Pr is the Prandtl number. The eddy viscosity (t, kg/m s) is defined from dimensional
analysis as
k2
 t  C 
(9)

G  gi β

μ t  T

Pr  xi

Mass Transfer in Air
In this study, the fluid in the empty rubber-sheet drying chamber is a mixture of air, which is
the continuous phase, and the droplets of vapour, which is the dispersed phase. Both can be
described by Fick's law of mass transfer [17]:
 ( Y )
(10)
   (ρu )Y     J  S
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where J is the diffusion flux (kg/m2s), Y is the mass fraction of water vapour in air (kg water/kg
dry air), Dm is the diffusion coefficient of water vapour in air (m2/s), and Sc is the Schmidt number
of turbulent flow.
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CFD Programme

We performed 3D simulations using the ANSYS Fluent, version 13, CFD software. The
finite volume method in the programme was used to calculate the temperature and relative humidity
distributions in the model chamber. The force convective terms were discretised using a first-order
upwind scheme [13]. The pressure-velocity coupling was solved using the SIMPLE discretisation
algorithm [13].
COMPARISON

The temperature and relative humidity in the model chamber using the single-phase and
multiphase models were derived and compared with the experimental results to assess the
agreement.
Experiments
The drying chamber dimensions are 1.2 m × 1.2 m × 1.2 m, as shown in Figure 1. The inlet
air was heated by eight electrical heater sets (6 x 600W and 2 x 2kW). Temperatures at 32 positions,
as shown in Figure 2, were measured by type-K thermocouples. The air relative humidity was
measured using a probe (Rense, HT-740-T-1) at the location shown in Figure 2. A hot wire-type
anemometer (Testo, 405-V1) was used to measure the air velocity at three points at the inlet of the
chamber.The average value was used as the boundary condition at the inlet in the simulation. All
data were continuously recorded using a data logger (Data-Taker, DT 605) at 1 min. intervals.
We investigated the temperature and relative humidity distribution in the drying chamber.
The results, as shown in Figure 3, show that the temperature in each plane in the drying chamber
increased rapidly during the initial stage and then gradually until a steady state was attained. The
largest average temperature difference between any planes is 4°. The relative humidity, as
anticipated, decreased with increasing temperature, as shown in Figure 4. The initial and final
relative humidity values are 61.1% and 28% respectively.

Figure 1. Schematic of the model rubber-sheet drying chamber
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Figure 2. Positions of temperature and relative humidity probes in each plane

Time (min.)

Figure 3. Average temperature as a function of time in the model drying chamber
Simulation
The model flow is fully symmetrical along the central plane of the chamber. The
symmetrical condition is considered in the simulation to minimise the discrepancies when using the
3D half-size chamber in Figure 5. To minimise the computational time and avoid nonconvergence,
we used the 3D half-size model in the simulations. The element-type tetrahedral and patch
conformation algorithms were used to set the grid cells. The initial and boundary conditions in the
simulations are described in the next section. Simulations were performed until steady state was
reached; that is, after about 50 min.
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Time (min.)

Figure 4. Relative humidity as a function of time in the model drying chamber

Figure 5. 3D half-size chamber used in the simulations
Initial and Boundary Conditions
Initial conditions
The initial temperature obtained from the experiments was 30.2°. The initial volume fraction
of water vapour in air was 0.030416 (m3 of water vapour/m3 of dry air). This value was calculated
from the measured relative humidity of 60% and the dry-bulb temperature of 33.0°. Thus,

where v is the volume fraction of water vapour, ws is the humidity ratio (kgwater
 watervapour is the density of water vapour, and 
dry air is the density of dry air.

vapour/kg dry air),

Boundary conditions
At the inlet, the experimental constant inlet air velocity was 0.725 m/s. The user-defined
function of the inlet temperature and vapour volume fraction were used as boundary conditions.
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At the outlet, the pressure was set at zero. The experimental outlet temperature data as a
function of time were fitted and used as boundary conditions in the user-defined function. At the
wall, experimental heat flux data as a function of time were fitted and used as boundary conditions
in the user-defined function.
Computational Validation
A grid sensitivity test was performed using three different mesh schemes, as shown in Table
1. For the bottom-plane temperature, the comparison between the simulation and experiments is
shown in Figure 6. The simulation results using the coarse grid are not sufficiently accurate when
compared with the experimental results. The simulation results using the medium and fine grids
agree well with the experimental results. Discrepancies of 0.01-1.05% are seen using the medium
grid, which is deemed satisfactory compared with the fine grid scheme. Therefore, the minimal grid
refinement of 83,649 was used in the simulation.
Table 1. Grid schemes used in the convergence test
Node
Element

Case 1 (coarse)
9,530
59,469

Case 2 (medium)
17,397
83,649

Case 3 (fine)
32,695
163,601

RESULTS AND DISCUSSION

Temperature
Single-phase models have been rigorously evaluated by other researchers; hence we
concentrated on the multiphase model. Nevertheless, we also compared the temperature predictions
of the single-phase and multiphase models.
Multiphase model vs experiment
The multiphase model temperature distribution in the bottom, middle and top planes,
initially and after 50 min. at steady state, is shown in Figure 7. The initial and steady state
temperature is respectively 33.85° and 49.64°. The temperature distribution in any plane is uniform
with no significant differences between planes. The temperature deviations between experiments
and simulations are 0.01-4.73° for the bottom plane, 0.02-4.05° for the middle plane, and 0.013.84° for the top plane, as shown respectively in Figures 8-10. The largest deviation of 4.73° occurs
at the centre-frontal position of the bottom plane, which is denoted as B(D) in Figure 2, and is
attributed to the proximity of the hot-gas inlet where the temperature is highly variable. However,
the boundary temperature conditions in the simulations are constant. The centre-frontal position in
the middle plane, denoted as M(D), is still affected by the hot gas from the inlet, as shown in Figure
9. The hot-gas effect decreases in the top plane where the temperature is rather uniform throughout,
as shown in Figure 10. The comparison of the experimental and model temperatures shows
acceptable agreement; thus, we can use the multiphase model to simulate the temperature
distribution in the drying chamber.
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(a)

(b)

(c )

(d)

(e)

(f)

Figure 6. Plots of temperature as a function of time for experimental and simulation data for the
multiphase model using the coarse (59,469 elements), medium (83,649 elements) and fine (163,601
elements) grid schemes in the bottom plane: (a) position B(A); (b) position B(B); (c) position B(C);
(d) position B(D); (e) position B(E); (f) position B(F)
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(a)

(b)

Figure 7. Temperature profile of bottom, middle and top planes in the model chamber at 0 min. (a)
and 50 min. (steady state) (b)
Multiphase model vs single-phase model
The single-phase and multiphase model temperatures were compared with the experimental
data for the largest deviation scenario (at the centre-frontal positions of all planes) and the smallest
deviation scenario (at B(F), centre-back position of the bottom plane) and shown in Figures 11-13.
The deviations at B(D) are 1.66-6.63° and 0.51-4.73° for the single-phase model and the multiphase
model respectively. At B(F), the deviations for the multiphase model are minimal at 0.01-2.47°,
whereas those of the single-phase model are 0.96-6.27°. Similar results are obtained in the middle
and top plane, as shown in Figures 12 and 13 respectively. Initially, the multiphase model shows
better agreement in the middle plane while the differences in the top plane are not clear. Overall, the
multiphase model outperforms the single-phase model. The inclusion of humidity in the multiphase
model decreases the air temperature compared with the single-phase model.
Relative Humidity
The relative humidity (RH) predicted by the multiphase model is shown in Figures 14 and 15.
The RH distribution in the bottom, middle and top planes at the beginning and after 50 min. at
steady state are shown in Figures 14 (a) and 14 (b) respectively. In all planes, the RH values are
mostly uniform except near the centre-frontal area of the bottom plane. The largest deviation is
initially seen with higher RH variation in the bottom plane, as shown in Figure 14. Apparently, the
flow turbulence at the inlet induces variations in the moisture distribution. Moreover, the RH
difference between minimum and maximum is initially much higher than that at steady state. The
experimental and multiphase model data are compared in Figure 15. The deviations range between
0.56-10.45%, suggesting acceptable agreement and the suitability of the multiphase model.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8. Plots of temperature as a function of time for the experiment and multiphase model in the
bottom plane: (a) position B(A); (b) position B(B); (c) position B(C); (d) position B(D); (e) position
B(E); (f) position B(F)
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Figure 9. Plots of temperature as a function of time for the experiment and multiphase model in the
middle plane (position M(D))

Figure 10. Plots of temperature as a function of time for the experiment and multiphase model in
the top plane (position T(D))

(a)

(b)

Figure 11. Plots of emperature as a function of time for the experiment and simulations in the
bottom plane: (a) position B(D); (b) position B(F)
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Figure 12. Plots of temperature as a function of time for the experiment and simulations in the
middle plane (position M(D))

Figure 13. Plots of temperature as a function of time for the experiment and simulations in the top
plane (position T(D))

(a)
(b)
Figure 14. Relative humidity (%) profile of the bottom, middle and top planes in the drying
chamber at 0 min. (a) and 50 min. (steady state) (b)
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Figure 15. Plots of relative humidity as a function of time in the drying chamber
CONCLUSIONS

Temperature and relative humidity distributions in a model rubber-sheet drying chamber
were simulated using CFD. For temperature, the multiphase model is superior to the single-phase
model. The largest temperature deviation is seen at the centre-frontal location owing to the
turbulence of the hot gas at the inlet. As for relative humidity, the multiphase model well
reproduces the experimental results. The multiphase model can thus be used to simulate and reliably
predict the temperature and relative humidity distribution in a chamber containing rubber sheets.
Nonetheless, the diffusion of moisture from the sheets has to be included in the simulation to obtain
the optimal conditions for energy savings.
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