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Abstract - Numerical investigation of natural convection in cavities with heating from below, adiabatic sidewalls, and variable heat
flux in combination with radiative and convective heat transfer on the top is the framework of this research. The goal is to develop a
computational model for investigation of overall heat transfer coefficients through different types of thermal screens and their integration
with greenhouse covers in order to improve greenhouse insulation. The model was developed by applying hot box methodology, and
calculations are validated by published results for convective flow in the cubical cavity model. A greenhouse covering combined with
moveable thermal screens can block a high amount of IR radiation. Moreover, thermal screens in combination with cooling/heating and
dehumidification systems may provide desirable conditions in a closed greenhouse and reduce year-round energy consumption. By
significantly reducing fossil energy consumption, this design contributes to sustainability as well. The numerical modeling supported by
laboratory experiments is not only enhances understanding of the greenhouse insulation material processes but also of other material
processing and technological applications, including high-temperature technologies, solar collectors, and residential and industrial
construction.

Keywords: Natural convection, Computational Fluid Dynamics (CFD), turbulent flow, heat transfer, greenhouse
Microclimate.

1. Introduction

One of the major objectives of intensive greenhouse production is to provide environmental conditions conducive to
maintaining the growth cycle throughout the year and in different regions around the world. Agriculture, in greenhouses as
in open fields, faces problems in resisting strong winds, rain, hail, snow, and other devastation risks. Despite all these
obstacles, the crop industry must supply high-quality products on a daily basis, according to market commitments. In order
to receive predicted yields throughout the year, seedlings are planted continuously in different environmental conditions
(sprouts are usually grown in isolation and transplanted in a greenhouse).

The temperature of the air and soil in the greenhouse is very important for the cultivation of any crop and therefore, it is
necessary to know not only the temperature limits for specific plants but also how to adjust the indoor conditions to the local
climate outside at different seasons and periods of the day. Day treatment is entirely different from night care. During the
day, photosynthesis is emitted along with an excess of heat. At night, it is cold (the day/night temperature difference is about
10°-15°C) with high humidity (in desert areas, humidity can reach up to 70% in summer and 90% in winter). In warm
countries, such as the Mediterranean region, including Israel, cultivation in a greenhouse usually occurs in winter. Planting
takes place in September with a growing season through the end of March, while screen-houses are used in summer. This
growth process is not optimal, and methods for improving production are needed.

Analysis of the conventional environmental control treatments within the greenhouse can help to determine how to
advance the production process. Traditional systems include natural or forced ventilation during the day and heating at night
with fan heater pipes or heated sleeves, evaporative cooling systems (known as fan and pad cooling), and active
dehumidification systems [1-8]. However, contemporary systems are very energy-intensive, reducing cost-effectiveness and
increasing the amount of environmental pollution.
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Fig. 1: Shading with thermal screens inside a typical greenhouse.

Energy-savings screens, or thermal screens, are commonly used in closed greenhouses (Figure 1). These screens
roll in and out easily in order to provide stable climatic conditions, such as internal shading and insulation (Error!
Reference source not found.). In general, the energy-saving properties of thermal screens are related to buoyancy,
diffusion and convection heat transfer, air permeability, and humidity transfer [9-11]. However, mechanical
dehumidification systems help to prevent condensation due to excess humidity and therefore eliminate the need for air
permeability and extensive ventilation [12-14]. In this case, knitted permeable screens are no longer required, since
whole sheets of material, which are much cheaper and easier to manufacture, may be used. Thus, material emissivity
becomes the main factor when choosing a thermal screen for reducing energy loss. The energy loss depends on the
exchange of heat radiation among crops, dehumidification systems, greenhouse screens, coverings, and the sky [15].
Depending on the time of day and weather conditions, unrolled screens with a sun/sky reflective outer layer provide
efficient insulation; in particular, they retain coolness in the summer (during the day) and warmth in winter (overnight).
At night, using an IR reflecting inner layer, part of the thermal radiation from inside the warm greenhouse can be
absorbed and emitted by the screen material. Thus, combining (by collapsing or expanding) the different types of screens
depending on the external weather conditions, affords proper control of light, temperature, and humidity, maintaining
the optimal levels for growing with significant savings in energy. Moreover, using several layers of the double-sided
aluminized film provides nearly 99% insulation in the summer, reducing solar gain and guaranteeing excellent insulation
[16-20].

The main objective of the paper is the computational modeling of the overall heat transfer coefficient for multilayer
thermal screens to more complicated models that include most, if not all, physical phenomena involved in the process
(Figure 2). To achieve this purpose, a computational model is developed, including the simulation of a turbulent internal
flow in combination with radiative and convective heat transfer through several layers of different screen materials.
Turbulent flow characteristics and temperature fields are extensively measured by techniques that have already been
successfully applied in previous experiments. To ensure a better comparison with the computational modeling, several
unknown or poorly known parameters is measured by conducting separate experiments.
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Fig. 2: Sketch of the problem for mathematical formulation. Heat transfer by conduction and radiation must be taken into account
everywhere. In the case of semi-transparent and/or opaque screens, a model of radiation in the participating media must be included.

2. Results
2. 1. Convective flow in a cubical cavity

At the first stage, we consider a fluid-filled cavity of width W, depth D, and height H, with two opposing vertical walls,
maintained at fixed temperatures Ty and T, with the other two walls being insulated. Due to buoyancy, fluid motion is
induced in the cavity, and depending on the cavity geometry, the working fluid, and the temperature difference, AT=Th-T..
In terms of dimensional analysis, the representative parameters are the geometrical aspect ratios (Ax==W/H and A,=D/H), the
Prandtl number Pr=v/k (here v and « are, respectively, the kinematic viscosity and thermal diffusivity), and the Rayleigh
number Ra=(gBATH?)/(v x) (g is the gravitational constant and B is thermal expansion coefficient).

The cavity is filled with air (Pr=0.71, Ra=1.5x10°), and its size is fixed to H=1m, with A=1 and A,=0.32. Therefore,
airflow in the cavity will depend only on the temperature difference, AT. For the flow regime at a high Rayleigh number,
large-scale computations such as DNS and LES are now becoming increasingly feasible. An RSM model with SST low-
Reynolds correction at the walls was used in our numerical simulation. The SIMPLE algorithm is used for coupling between
the velocity and pressure fields. All the terms involved in the balance equations are evaluated with second-order accurate
centered schemes, and a QUICK scheme is used for the nonlinear terms of the momentum equations. The solver runs in
parallel mode utilizing the domain decomposition MPI directives with the number of CPUs ranging from 16 to 32.

Values of the averaged Nusselt number along with the hot wall are reported in Table 1 for the different cases considered.
Two methodological approaches have been adopted to investigate the airflow at high Rayleigh numbers in this cavity:
experimental measurements on the one hand and 3D numerical simulations on the other. It is shown that LES and DNS
models overestimate the heat transfer [21]. Our 2D RMS model predicts results closer to the experiment (Figure 3);
simulation data show the same profile tendencies as in the experiments. We assume that at high Rayleigh number, the heat
transfer near the bottom and top walls occurs at a thin boundary layer near the wall (Figure 2), and a large number of grids
are required for an accurate prediction of such a flow.
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Table 1: Comparison of the averaged Nusselt number along the hot wall median line, Nu, for temperature imposed conditions
on the horizontal walls. Superscribes: 1 - 2D grid 10002; 2 - 2D grid 3002
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Fig. 3: Validation of our numerical model (blue lines) with results published by Salat et al., 2004. These results correspond to
numerical and experimental investigation of turbulent natural convection inside a cubic cavity with temperature differences between
vertical walls. Example of temperature and velocity profiles at mid-height (a,c) and mid-width (b,d) planes of the cavity for
Ra=1.5x10°.

2. 2. Natural convection within a hotbox of a 1:1 aspect ratio

We consider natural convection within a hotbox of a 1:1 aspect ratio where the bottom wall is heated, and the upper
wall is cooled (Figure 4). A non-slip condition is imposed at the lateral boundaries. A suitable mesh has been adopted
to make a balance between computational accuracy and efficiency. The 128 non-uniform grids are generated in the
vertical direction, and the smallest grid size near the walls is A4y/H = 1x10*, where H is the vertical distance between
two horizontal walls. In the lateral direction 256 uniform grids are generated. Calculations are performed for Rayleigh
number is 4x10° the temperature of the bottom wall is 333K, and the temperature of the top wall is 294K. The grid
independence tests show that the given mesh resolutions are adequate. Figure 4c shows the predicted mean average
Nusselt number at the heated bottom wall.
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Fig. 4. Preliminary numerical model a) isothermals, b) streamlines and c¢) horizontal surface Nusselt number of natural convection
inside a cavity with heating from below for cubic cavity for Ra=4x10°.

2. 3. One-dimensional steady-state energy balance

Given boundary conditions (wind, solar radiation, temperature) that remain constant over the response time of the
thermal screen, the temperature T of each layer is determined by the conditions that no net energy is absorbed or released by
any layer. An individual sheet is denoted by subscription i. Sheets are numbered from the inside out. The radiative flux
leaving the individual sheet surface is denoted by q'i.i+1, Or q'i;i-1, and the convective flux at the individual layer surfaces is
denoted by qCi.i+1, Or g1, here i+1, and i-1 are indexes of neighboring layers. For a system of n layers, the temperature of
each sheet is desired. Individually, a system of n nonlinear equations for the n sheets temperature is solved. The behavior of
a surface with radiation incident upon it can be described by the following quantities: o - absorptance - a fraction of incident
radiation absorbed; p - reflectance - a fraction of incident radiation reflected; and z - transmittance - a fraction of incident
radiation transmitted. In the case of thermo-screens used in greenhouses, o+p+7=1. We obtain the expression for heat transfer
between two planar thermo-screens:

vy = o(T; Bir1 — Ti41B) 1)
YT B/ €+ Bi/ €iv1 — BiBisa
where ¢ is the Stefan-Boltzmann constant and £; is following ratio:
0 =567-10"W/m?>K* B; = 1;/€; ,Bix1 = Tis1/€is1 , € = Q; )

Decompose Equation 1 to the form:

Liv1 = V(TR — T B 3)

where y; is a function of temperatures of i; i-1; and i+1 screens and their properties. An energy balance is performed at each
screen layer, and equations are written as:
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where " is radiative heat transmittance, calculated in accordance with Equation 1, and hi.i+1 is a convective heat transfer
coefficient at sheet side facing to sheet i+1.
The final form of the linearized Equation 4 specific to sheet i may be written as:

aiTi = CiTi—l + diTi+1 + bi ,i =1..n (5)

in matrix form:

a1 Q12
A-T =B, A= Aii-1 Qi Q41 B = <bi) (6)
Apn-1 Ann

where ai;j = a;; aij-1 = Ci; aij+1 = di
and

1/4
Ci = Vi—1ﬁi+/1 +hiq
_ 1/4
d; = Vi+1ﬁi +hi

i = ¢ +d; ©)
b - hll 1Talr1 + hl l+1Tlall-|7:1 + Z q]t'r
j<i—-1
j>1+1

The linear system (6) is solved by a Tridiagonal matrix algorithm (TDMA). Matrix A is diagonally dominant. Therefore,
the TDMA procedure converges for any initial guess To.

Thus, we developed a calculation procedure for heat transfer through screens in which three diagonal matrices are used.
Only neighboring layers i-1 and i+1 explicitly form down and upper diagonals of the linear system matrix. Interaction i layer
with transparent layers is calculated implicitly. The linear system matrix is solved by TDMA. Our procedure thus
demonstrates higher convergence; only two- or three iterations are needed to resolve the nonlinearity of the radiative heat
flux and to be used as UDF for FLUENT implementation.

4. Conclusion

The main objective of the research is the development of a computational model as an extension of the laboratory hot-
box model of the overall heat transfer coefficient for multilayer thermal screens. The computational model includes
simulation of a turbulent internal flow in combination with radiative and convective heat transfer through several layers of
different screen materials. Turbulent flow characteristics and temperature fields are investigated, and results are validated
via published results for convective flow in the cubical cavity. Horizontal surface Nusselt number of natural convection
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inside a cavity with heating from below for cubic cavity was calculated. The robust calculation procedure for one-
dimensional steady-state energy balance is presented.

Successful computational modeling can be helpful for further development of greenhouse climate control, especially in
terms of optimizing greenhouse energy, minimizing cost, and customizing for specific plant cultivation. The results of the
study will help growers to understand more about energy-saving screen properties and allow them to make more informed
investment decisions.
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