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Abstract

Optimization of a mist cooling system for a greenhouse is
underway using CFD software. Here, we explore the
feasibility of optimizing CO; enrichment into such a
ventilated space. Using the virtual injector of the Ansys
Fluent DPM model would allow greater flexibility in
setting injector position and orientation without the need
for detailed meshing of realistic orifices or new meshing
for each case. A small test case was run for virtual
injectors vs. realistically meshed injector orifices for
increasingly fine meshes. Qualitatively, the results are
similar but at reduced computational cost. Neither model
converges well in the steady-state, but a transient model
may explain the unstable nature of the problem. The
cross-ventilated greenhouse resembles a cavity flow case.
This may allow a zone of high CO, concentration in the
eddy that forms below the level of the windows.

Key Innovations

e A possibly time-saving method for use in Ansys
Fluent to model a gas injection as a near-instant
evaporating liquid particle injection is tested

e There is a reduction in mesh elements compared
to a conventional model that includes the
morphology of a realistic gas injector

e When the Discrete Phase Model(DPM) is
already being used for other particles (here, an
evaporating water mist spray) there is almost no
increase in calculation load, because the target
gas particles evaporate in one DPM step

e The model shows that CO; injection from
ground level inside a naturally ventilated
greenhouse should significantly increase CO;
levels at low height

Practical Implications

The savings in calculation load depend on the case will be
in proportion to the number of injectors. Here, much of
the calculation load is already devoted to the DPM model
for an evaporating mist spray. There is difficultly with
judging convergence, though this is an issue of the mist
spray, not the CO injectors.

Introduction

Greenhouse farming in many regions of the world faces
the issue of overheating. When natural ventilation nor

mechanical ventilation is sufficient to prevent overheating,
a low-cost solution is evaporative cooling, often with
wetted media and strong mechanical ventilation to
promote evaporation from the media (common names
include “pad and fan” or “swamp cooler” type system).
(Ganguly and Ghosh, 2011)

Fine mist sprays from high pressure nozzles can evaporate
completely without this strong ventilation, and may be
sufficient with natural ventilation to prevent overheating,
as well as prevent air saturation which would block
further mist evaporation that would limit the cooling
effect and causing undesirable wetting of the plants and
fruit. (Perdigones et al, 2008)

Increased carbon dioxide (CO>) concentrations may help
increase crop yields by up to 30%. (Idso et al, 1987) In
“plant factories” (controlled environments for optimized
plant growth) CO2 enrichment is one growth-promoting
technique. However, plant factories are costly to create
and operate. (Murakamia et al, 2018) CO; enrichment in
a highly ventilated pad and fan system seem would likely
be impractical (see Figure 1). In a typical low-cost
greenhouse in a warm climate, is it practical to use CO;
enrichment if combined with evaporation cooling and low
ventilation rates?
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Figure 1 Research concept.

In this research project, a model of a greenhouse used in
eggplant cultivation that uses a water mist evaporation
cooling system is being developed in Ansys FLUENT
14.0 and correlated with on-site measurements to aid
optimization of the cooling system.

As a feasibility study, CO; injection is added to that model.
To that aim, here we examine a possible technique to
reduce calculation load in finding an optimal layout of
CO; injection while simultaneously modelling mist
cooling. This is done in a smaller sized greenhouse, using

Evaporative Cooling
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similar ventilation rate and mist spray per unit area from
the actual site.

The Ansys Fluent Discrete Phase Model(DPM) is used to
model both the water mist spray and the CO: injection.
The precise modelling of the CO, flow near the injection
pipes is not important to the overall model. Thus,
modelling and meshing these many small inlets is avoided
by using the DPM model, taking particles of solid CO»
which are set to near-instantly “combust” into CO; gas,
while assuring this does not have a significant effect on
the overall thermal model. The model mesh is set finest at
the mist spray injectors, where accurately representing the
rapid evaporation is of key importance.

Characteristics of the greenhouse and mist cooling
system

The greenhouse being modelled for this research project
is shown in Figures 2,3 and 4. The length is 5.5m, width
6.3m and height of the peak of the roof at 4.3m.
Ventilation is through windows of 1m height on the long
walls, doors of 2.3m height and 2.4 total width at each end,
and roof vents along the length that can open up to 30cm.
All of these openings have anti-insect screens which
reduce air flow. An inspection with smoke generators
found that the rest of the walls were quite airtight. Air
flow is only through those openings.

Hydraulic mist nozzles are arranged in either 1 or 2 rows
at 2.5m height at 1m or 2m spacing between pairs of
nozzles. (Determining the optimal layout is still being
evaluated). The water supply is pressurized to 6MPa by
one pump unit. Each nozzle sprays at about 1.5L/hr of
droplets with Sauter Mean Diameter of about 20um. The
total footprint of the greenhouse is about 100m? with up
up to 14 pairs of nozzles. Thus 1 nozzle pair covers about
7m2,

Two fixed circulation fans are mounted at opposing
corners of the greenhouse with the aim of preventing local
build-up of mist and to spread the cooling effect.

The eggplant stalks are arranged in 3 rows. CO injection
is done with a simple rubber hose assembly placed along
the 3 rows of plants on the ground. The hose has regularly
spaced small orifices of about 2mm diameter.

The goal of the project is optimization, but there is little
flexibility. Once installed, the fans and nozzles cannot be
moved until the end of the growing season. However, the
simple hose CO; injection system can be moved easily.

During the summer the mist is used while the windows,
doors and roof vents are open to help prevent heat build-
up. On-site measurements taken with a hot-wire
anemometer during breezy (from the west and north)
weather that is common at the site, an airflow of 0.2m/s
comes from the long west window, and 0.5m/s from the
west roof vent and from the north door. This equates to
about 30-40 air changes per hour on a breezy day.

Figure 4 Blueprint of the greenhouse

Methods

A full model of the greenhouse has been under
investigation, but for this feasibility study, a smaller scale
case is made. A 4m X 4m space with a 3m height
including 1 pair of nozzles as used on the site was created
in Ansys Fluent 14.0. Windows of 1m height along
opposing walls are included.

A steady-state model was created. An issue in modelling
mist under steady state is to create a condition that would
be realistically attainable as a steady state. A mist spray
into a closed space would yield saturated air and prevent
mist evaporation, thus yields convergence issues or
unrealistic relative humidity levels. Here, the ventilation
should be enough to prevent saturation, making a steady
state attainable. Inlet air is set at a typical summer day
condition at the site, as shown in Table 1. The air was
modelled from Fluent’s default air mixture of O,, N2 and
H,0 with a fourth species CO; added. The inlet, outlet and
initial CO, level was set at 400ppm (mass fraction of
0.0004). The CO; injection flow was set at a rate that
should increase the average concentration in the volume
by 100ppm. This was used as the mass flow input rate
when the injector was modelled as a 3mm diameter inlet
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at the center of the ground, and the spray rate when
modelled as a DPM injector in the same location.

Table 1: Model conditions.

Property/Boundary Condition Value
Temperature 313K
S Mass frac. H20 0.012
Inlet/outlet/initial air Mass frac. O2 021
Mass frac. CO2 0.0004
Inlet window Velocity inlet 0.2 m/s
Outlet window Pressure outlet 0Pa
CO2 injection Mass flow 0.119g/s
Walls Heat flux Adiabatic
Walls DPM boundary Trap
Inlets/outlets DPM boundary Escape

The double-precision pressure-based steady state solver
was used with SIMPLE coupling. Discretization for
density, momentum, energy and all gas species was 2™
order upwind. Turbulent kinetic energy and turbulent
dissipation rate were 1% order upwind. Gas species were
set as compressible ideal gas.

The mesh was tetrahedral with element size controlled
over the whole region by setting the relevance center to
“coarse” or “fine” and setting the maximum element size.
Local size control was applied to 2 overlapping spheres of
interest at the nozzle. One 200mm radius sphere with
10mm elements, within a 500mm radius sphere with
50mm elements. A large proportion of elements are taken
by this local sizing in the coarsest mesh (about 250k of
the 274k). The mesh yields small element in the region of
the 3mm diameter CO injector inlet (when it is included)
embedded in the center of the floor. This increases the
number of mesh elements by about 30,000 in all cases.

Table 2: Number of elements in the meshes.

Mesh name Rel. Max COz Elements
(Abbr.) center | El Size | injectors
Coarse_0 Coarse | default None 274k
(C0)
Coarse_1 Coarse | default 1 307k
(&3]
Fine_0 (F0) Fine 0.1m None 660k
Fine_1 (F1) Fine 0.1m 1 684k
Very fine_0 Fine 0.07m None 1439k
(VF0)
Very fine_1 Fine 0.07m 1 1463k
(VF1)

A pair of nozzles are set in the center at 2m height,
spraying at a 45 degree angle upward and toward the inlet
window. Simulations were run without DPM interaction
until they converged at 0.001 continuity criterion. Then
DPM was activated to model the mist spray and CO, (if
the DPM was being used for CO; injection) Cross-
sections of the mesh with and without the realistic CO,
injector are shown in Figures 4 and 5.

"N ASSOCIATION

Figure 5 Coarse mesh (C1) refined at mist nozzle and at
one CO; injector.

CO, DPM injector properties were set as 30 streams in a
hollow cone and an ejection radius of 0.1m from the
injector. The speed was set the same as that of the realistic
orifice (at 8.5 m/s) which should yield the same
momentum.

To cause near-instant evaporation, the CO, DPM liquid
particles were set as a dry ice material of evaporating
species as CO- gas, but changing the heat of vaporization
to a near-zero 1J/g (setting to 0 may have caused a math
error).

As the results of the steady-state simulations showed a
lack of convergence (see below), a transient simulation
was run using the Fine mesh with DPM injection (F1).
The same CO; injection, mist spray parameters and
boundary conditions were used. The model was changed
to Large Eddy Simulation (LES) with 2" order bounded
differencing. The time step was set to a fixed 0.1s to yield
a Courant number at or below 1 for most of the space. The
case was run to an elapsed time of 150 seconds. The CO;
injection was started at elapsed time of 5s. Two 10s pulses
of mist with a 10s interval were injected as DPM at
elapsed time of 10s and 30s. The mist was then stopped to
examine any difference in the CO, flow change with and
without mist pulses.
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Results

As the immediate goal of this CO; injector DPM
technique is to judge the effect on the CO, profile using
either the realistic CO: injector orifice, or the DPM
“virtual” injector, the profiles of the CO, field are
compared for the various mesh refinement levels.

First, a visual confirmation that the DPM injector yields
near instantaneous evaporation of the CO; particles is
shown in Figure 6. The particles show only 1 short trace
at the 30 sites of the injection cone and disappear.

A similar plot of the mist spray (Figure 7) shows the
expected long path of the droplets as they evaporate
completely. In these simulations all droplets evaporated
completely, with none trapped or escaped. Further, a
check of the CPU time for each simulation showed 39%
of CPU time was devoted to DPM steps for the coarse
meshes, 29% for the fine meshes, and 10% for the very
fine meshes, with no difference when CO, DPM injection
was used.
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Figure 6 CO; Particle traces for mesh CO.
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Figure 7 Mist particle traces for mesh CO.

Plots along the center plane (Figures 8,9 and 10) of the
CO, concentration showed that a plume of high
concentration CO; travelled in the direction of the inlet air
at right. This was likely due to the inlet air driving the mist
toward the outlet. (Mist flow is also revealed by the air

temperature cross-section in Figure 11). When the mist air
stream reached ground, it seemed to have pushed the
airflow there towards the inlet. The trend was the same for
all meshes, though the very fine mesh showed a less
concentrated plume. Note that Figures 8 and 9 are scaled
up to 5000ppm, while Figure 10 is up to 1000ppm. All are
clipped to range such that values above the scale
maximum are transparent.
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Figure 8 CO; concentration cross section for mesh CO.
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Figure 9 CO, concentration cross section for mesh C1.
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Figure 10 CO; concentration cross section for mesh
VF1.
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Figure 11 Air temperature cross section for mesh VF1.

The center cross-sections do not reveal the entire
evolution of the CO, plume. Plots of the entire volume
with iso-value limited to above 1000ppm reveal a 3-
dimensional shape of the concentrated CO2 moving
toward the outlet window, with a portion being entrained
up and windward into the mist spray plume. The most
coarse mesh (Figure 12) shows the plume extends toward
the back of the space (from this view) and upward,
perhaps being entrained into the mist spray. The finest
mesh (Figure 13) shows the plume spread closer to the
ground, but also a trend toward the back of the space.

A rough approximation at grid convergence was difficult.
As the default continuity criterion does not tend to
converge to 0.001 even after 2000 iterations with the mist
spray DPM interaction in effect, a mass imbalance
monitor was created and a <0.1% imbalance was taken as
convergence.

A Grid Convergence Index (GCI) check could be highly
biased on the points selected, given the unusual shape of
the CO; plume.
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Figure 12 Iso-value volume plot of CO, concentrations
above 1000ppm for mesh CO.

Contours of Mass fraction of co2 Jan 31, 2021
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Figure 13 Iso-value volume plot of CO concentrations
above 1000ppm for mesh VFO.

As a simple comparison, the volume average of air
temperature, H2O vapour fraction (absolute humidity) and
CO; concentration were taken for the whole space in each
of the 6 examined meshes (3 with realistic CO; injectors
and 3 with DPM injectors) as shown in Table 3.

Table 3: Volume averaged properties for each mesh.

Mesh name Air Mass CO2

(Abbr.) Temp | frac Conc

(K) H20 (ppm)

Coarse_0 (C0) 311.30 | 0.01269 684
Coarse_1 (C1) 311.48 | 0.01262 689
Fine_0 (FO) 311.32 | 0.01268 756
Fine_1 (F1) 311.49 0.01265 548
Very fine_0 (VF0) 311.55 0.01258 807
Very fine_1 (VF1) 311.21 0.01272 452

Although the air temperature and H>O mass fraction
results are fairly uniform, the CO; concentrations vary
greatly.

The results of transient simulation of this case in the Fine
mesh (F1) with DPM injection is displayed as a series of
animation frames in Figure 14. Here, The color scale for
CO; concentration in the frames from elapsed time t=10s
through t=80s is from a minimum of 0 to a maximum of
0.005 (5000ppm) with no clipping above the range
(values above 5000ppm are red). The color scale for CO,
concentration in the frames from elapsed time t=100s
through t=120s is from a minimum of 0 to a maximum of
0.02 (20,000ppm) with clipping above the range (values
above 20,000ppm transparent). The displayed planes are
the vertical cross-section and a horizontal cross section at
height of 10cm, with incoming flow at left and outflow at
right, as in the previous figures. The CO; concentration
initially flows to the right (toward the outlet), but then
reverses back toward the inlet, in the region below the
lowest part of the windows. Mist pulses ended at 40s. The
high concentration of CO2 drifted back toward the outlet,
settling near the center where the CO, DPM injection is
located. A low-lying layer of increased CO, concentration
is forming below the level of the windows.
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Figure 14 Animation frames from the transient
simulation of Fine mesh (F1). Elapsed time noted at
upper right corner of each chosen frames.

Discussion

The DPM injector technique can reduce the number of
mesh elements and thus the calculation load. Here,
modelling a realistic injector comes at the cost of an
additional 30,000 elements for one. If multiple injectors
are desired, the cost would increase.

The injected CO; particles did evaporate instantly as
planned. The temperature plot showed no apparent
thermal effect except a distortion of the cooled air, likely
due to momentum.

Judgment of the CO, plume solely from the mid-cross-
section might not be appropriate. The 3-dimensional
evolution of the plume is quite different among these
meshes.

The major problem here is a lack of convergence in the
CO: field concentration, both in distribution and average
across the space. Also disturbing is the aim was to inject
enough CO; to cause an average 100ppm increase above
a400ppm background level. All cases have exceeded that.
This could be an issue of an imbalance in ventilation and
the injected CO- beyond the simple steady state case, or
some other issues. We are re-examining the results on
other facets. When this issue is solved, a GCI calculation
will be done and various conditions then tested for an
optimization of CO field.

The transient simulation case shows that the flow does not
seem to evolve in a steady manner. It first flows toward
the outlet, reverses toward the inlet as it seems to fill an
eddy below the window in a case of cavity flow, and then
trends toward the outlet again.

The graphical results hint that ground level CO; injections
would yield higher concentrations of CO near ground,
especially below the level of the ventilation windowsills.
Although it might be costly to try to inject enough CO; to
increase concentration of the whole space, the localized
high concentration in the eddy formed by the cavity flow
under the level of the cross-ventilating windows might be

appropriate for young (short) plants, while allowing for
less consumption of CO, for the injection.

Conclusion

The use of a virtual DPM injector rather than precisely
modelling the small CO, injector orifices for CO;
enrichment in a greenhouse can reduce element number
in a mesh and thus computational load. The morphology
of the concentration field is similar, but there are problems
with convergence which are being investigated. The
problem may be better suited for transient simulation than
steady-state.

The cross-ventilation of the greenhouse yields a case of
cavity flow under the level of the windows, where CO2
becomes concentrated. This may allow for effective low-
consumption CO2 injection optimizing for the near-
ground space rather than the entire greenhouse.
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