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Scientific background
One of the major objectives of intensive greenhouse production is how to provide environmental conditions in maintain a growth cycle throughout the year and in different regions around the world. Crop industry, as in greenhouses as in open fields, is facing problems to resist strong wind, rain, hail, snow and so on. Despite all these obstacles, the industry has to supply high quality products on a daily basis, according to market commitment. In order to receive predicted yield throughout the year, the seedlings are planted continuously in different environmental conditions (sprouts are usually grown separately 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 its limits for specific plant, but also methods for adjusting indoor condition to the local outside climate at different seasons and periods of day. Day treatment is completely different from night care. During the daytime, photosynthesis is emitted, and on the other hand, an excess of heat. At night time it is cold (the day/night temperature difference is about 10ºC-15ºC) and high humidity (in desert area humidity can reach up to 70% in summer and 90% in winter). In warm countries, such as the Mediterranean region (Israel), cultivation in a greenhouse usually occurs in winter (planting takes place in September and growing until the end of March), while screen-houses are used in summer. In view of the results, this is not an optimal growth process, and other possible ways to improve production are desired.
Analysis of conventional environmental control treatments within the greenhouse can help to determine the ways to advance the production process. Traditional systems are included natural or forced ventilation at day times, heating at night with fan heater pipes or heated sleeves, evaporative cooling systems (known as fan and pad cooling), active dehumidification systems (RefXXX). However, modern systems are very energy-intensive, reduce cost effectiveness and increase amount of environmental pollution.
[image: ]Energy saving screen materials. There are energy-savings screens, or thermal screens, commonly used in close greenhouses .These screens are rolled in and out easily, in order to provide stable climatic conditions, such as internal shading and insulation, during the day/night. It is usually made from material, which is knitted from strips. In general, the energy saving properties of thermal screens are related to buoyancy, diffusion and convection heat transferring, the air permeability and the humidity transport (Hemming, 2017). However, using mechanical dehumidification system allows to avoid condensation due to humidity excess, and therefore eliminates the need for air permeability and extensive ventilation. In this case, knitted permeable screens are no more required, it is possible to use whole sheets of materials that are much cheaper and easier to manufacture. Thus, the material emissivity becomes the main factor for reduce energy loss when choosing a thermal screen. The energy losses are depending on the exchange of heat radiation between crop, dehumidification system, greenhouse screens and coverings, and the sky (RefXXX). Depending on the time of day and weather conditions, unrolled screens layers with a sun/sky reflecting outer layer provide efficient insulation, particularly, keeping cool in summer (during the day) and warm in winter (overnight). At the nighttime, with using IR reflecting inner layer, part of the thermal radiation from inside of the warm greenhouse could be absorbed and emitted by the screen material. Thus, combining (collapse or expand) the different types of screens depending on the external weather conditions, afford proper control of light, temperature and humidity, maintaining the optimal levels for growing and significant saving in energy. As well as, using several layers of double-sided aluminized film provide almost 99% insulation in the summer, reducing solar gain and guarantees excellent insulation (RefXXX, Vitoshkin et al., 2019).
Measurement of heat transfer coefficient using hot-box method. Thermal properties of insulation materials intended to use as thermal screens in greenhouse have been evaluated using hot box methodology (Figures 1 and 2) by measure total heat flux passing through several layers of materials (Vitoshkin et al., 2019). This method is commonly used to determine the thermal properties of insulating materials for the buildings design, but less suitable for greenhouses which are affected by unstable outside conditions (Feuilloley and Issanchou 1996, Papadakis 2000, Lu and Memary 2018). Here, an assumptions of thermal equilibrium and homogeneous thermal properties are strongly required. These method does not allow considering the dynamic behavior of ambient conditions, low sky temperatures and the effect of condensation. However, considering these limitations, the method can be efficiently utilized in order to determine steady-state thermal properties of screens, validate and compare the performances of the method under different test conditions. Moreover, the measurement results will provide a wide range of empirical data for future developing and validation of numerical simulations including, dynamic models, and modeling of thermal radiation in various geometries.
Generally, the overall thermal transfer coefﬁcient, U (W/m2C), is employed in calculating the rate of heat transfer passing through single layer or several layers of insulating material per unit area and per unit of temperature difference between the center of the box internal volume and the outside room temperature (RefXXX). The U-value integrates the thermal conductivity of tested material, the convective fluxes from interior of the box toward the room including the air between the layers and, the radiative fluxes of long wave radiation through the several levels of materials and other elements of the box, the air current speed outside the box and the sky temperature (Figure 3). All heat transfer mechanisms are interdependent and finally the system reached thermal equilibrium in each side of a screen. By making the assumption of stationary regime, and uniform radiation properties of all surfaces (gray diffusive surfaces with uniform temperature and incident energy) the one dimension heat transfer passing through the screens can be calculated with simple formula:, where Q (W) is energy provided by resistance, Tin (ºC) and Tout (ºC) are an average bulk inside and outside air temperatures, respectively, and S (m2) is the area of the screen surface (Figure 1). 
This proposal considers the evaluation of overall heat transfer coefficient as a target problem for development of the advanced methods of laboratory and computational modeling aimed at the material manufacturing processes that involve an interaction of multiple physical phenomena: fluid dynamics, heat transfer, radiation and others. Our ability of robust modeling of such processes is crucial for the progress in the manufacturing of materials with prescribed properties, since experiments involving realistic technological processes are extremely expensive, and sometimes unacceptably slow. We propose to use the hot box method for determination of heat transfer coefficient for transparent, semi-transparent or opaque materials, since for these materials we are capable of applying state-of-the-art techniques to adequate laboratory models. Results of the laboratory modeling will be used for validation of the computational model. The validated codes will be used in their turn to model real manufacturing processes.
Numerical investigation of natural convection. To the best of our knowledge, until nowadays, numerical modeling of the natural convection for flow regime at high Rayleigh number, is focused on large-scale computations such as direct numerical simulation (DNS) and large eddy simulation (LES), see, e.g., [RefXXXX]. One of the main limitations of these methods is a poor agreement between obtained results (Figure 4). The consideration of the Reynolds stress turbulence model (RSM) is extremely rare for investigation of natural convection in cavities [RefXXX]. 
Alternatively, Building Energy Simulation (BES) model based on TRNSYS, was implemented to investigate the U-value of greenhouse covers including polyethylene, polycarbonate, polyvinyl chloride, and horticultural glass (Rasheed et al, 2018). This was used to determine the influences of inside-to-outside temperature difference, wind speed, and night sky radiation on the U-values of these materials. However, this model is limited by one sheet cover. Numerical procedure for calculated heat transfer through multi-layers building windows were developed by M.Rubin and D.K.Arasteh, M.S.Reilly and M.D.Rubin, (1989). Thus, the method is not limited to one or two layers but can be written for an arbitrary number of layers. The layers can be partially transparent to long-wave radiation. Influence of transparent leads to a system matrix that with non-zero coefficients full not only on a main and upper and lower diagonal. In accordance with this algorithm for solving linear system may be used LU decomposition. We developed calculation procedure in which three diagonal matrix are used. Only neighboring layers i-1 and i+1 explicitly formed down and upper diagonals of linear system matrix. Interaction one layer with other layers (because of transparence of i-1, i+1 and may be others) calculated implicitly. Linear system matrix ca be solved by TDMA (Tridiagonal matrix algorithm). This our procedure demonstrate higher convergence: only two- or three iterations needs to resolve nonlinearity of radiative heat flux and used as UDF (user defined function) for FLUENT implementation.
Research objectives and expected significance
The main objective of the proposed research is the extension of the laboratory and computational modeling of 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 3). To achieve this purpose, a computational model will be developed, including the simulation of a turbulent internal flow in combination with radiative and convective heat transfer through several layers of different screen materials. The experimental set up will be modified to provide accurate measurement and precise control of temperature in enclosed environments, retaining precise controlled conditions when working in real-time with thermal screen materials having different purposes. Turbulent flow characteristics and temperature fields will be extensive measured by techniques already successfully applied in our former experiments. To ensure better comparison with the computational modeling, several unknown or poorly known parameters will be measured by conducting separate experiments (see below). Heat transfer coefficient will be evaluated over wide range of parameters, from ultra clear screen to totally reflective screen.
The proposed research will be completed through the following two major stages:
1: 	Development and extensive validation of a methodology for the numerical simulation of turbulent flow and heat transfer in hot-box with variable radiation condition on the top.
2: 	Performing extensive numerical simulations and experimental study for characterization of heat transfer phenomena typical for greenhouses conditions in different seasons and at different times of the day. Different types of screen materials having wide range of thermal radiation properties (from ultra-clear to opaque) and their combinations will be investigated.
[bookmark: _GoBack]The significance of the proposed research is two-fold. First, a successful modeling can be helpful for further development of greenhouse climate control, especially those related to the optimization of greenhouse energy cost and specific plant cultivation. The appropriate models are essential solution as in Israel as over the world for different time zones. Second, development of state-of-the-art experimental and numerical methods yields common knowledge and can be them applied for modeling of other technological processes that involve radiative heat transfer phenomena, e.g., in high temperature technologies, solar collectors, residential and industrial construction, and others. 

Detailed description of the proposed research
Our working hypothesis is based on the following proposition. The computational modeling can provide much more scientific and technological information than an experiment, providing that it is validated against reliable experimental results. Therefore we need a set of state-of-the-art experimental measurements that address all the parts of the phenomena under study. If computational results agree well with those measurements, all other information about the phenomena under study can be derived from the computational modeling. The latter is easier, cheaper, and faster than the laboratory one. 
Research plan & methods
In this project, we consider the computational and laboratory modeling of the overall heat transfer coefficient as a target, which we are going to approach by gradually advancing our preliminary models, as is described below (Figures 3). The research group is recognized for their studies on the fluid mechanics and heat transfer that had been done both experimentally and numerically [Ref.XXX]. At the first stage, computational model development and experiments will be conducted in Agricultural Research Organization (ARO). Simultaneously, thermal radiation properties of screen materials and, then, extensive parametric analysis of computational model will be investigated in Azrieli College of Engineering (JCE).
Computational studies of the group will be focused on the extension of the preliminary developed 2D turbulent flow model inside the cavity having adiabatic horizontal walls with temperature differences between vertical walls (Figure 4) to one with uniform heating from below and uniform heat flux through several upper screens including all important physical processes (Figure 3) one by one. The model will be developed using commercial solvers such as ANSYS Fluent or OpenFOAM. In Fluent a wide range of turbulence models are implemented. We will concentrate our efforts to analyse the potential of improvement for the prediction by RSM turbulent model. Some additional improvements to the turbulence models will be implemented in Fluent via compiled user defined functions (UDF). The transport equations for modeling of heat flux through the multilayer screens (radiation and convection) will be implemented via user defined scalars (UDS). The hybrid Reynolds stress turbulence model will be implemented by a defined adjust routine and using of axillary variables. For this reason the UDS and also the UDF memory will be used. Along with the numerical model development, qualitative computations will be carried out that will focus on the effect of each added module. It is possible that some inevitable bottlenecks will require consideration of simplified problems, which will be also done when necessary.
At the later stages of the project we expect to perform extensive study of the effect of screen/cover material type on the overall heat transfer coefficient determination in the equilibrium formulation. The model will include different types of screen materials (from transparent to IR opaque characteristics) and their different combinations. For the cover materials, the basic greenhouse covering materials such as glass, plastic, polyethylene materials will be considered. Computations will be carried out for the parameters of laboratory experiments, which will enable experimental validation of codes.
Experimental studies of the research group within the proposed project will advance in directions to an extension of our experimental setups [Ref.XXX] towards an increasing of accuracy by installing the thermocouples in multiple locations including the distance between the screens (Figure 1). The experimental setup will be closed by a specially designed cover with a black inner surface. To examine the thermal equilibrium and  homogeneity assumption, the surfaces temperature will be measured using thermal camera. This will allow for a better definition of the boundary conditions for the computational modeling of the radiative heat transfer, which can be noticeable at 50oC temperature.
The other experimental direction will be aimed to the measurement of poorly known physical properties of the materials in question, including emissivity, transparence and reflectance using spectrophotometer. In such way the overall heat transfer coefficient can be rather precisely measured, as well as accurately computed by the approach obtained at the first stage.

Timetable
1st year – developing the experimental model, laboratory measurements using hot-box method at ARO, developing the numerical model, measurements of thermal radiation properties of screens and cover materials;
2nd year – post processing of experimental and numerical results and optimization of temperature measurements and screen materials characterization;
3rd year – cross-verifying of experimental and numerical results and later improvement of models and convergence of results; final report and publications.
Preliminary Results
Convective flow in cubical cavity (Figure 3,4). We are interested in a fluid-filled cavity of width W, depth D, and height H, with two opposite vertical walls maintained at fixed temperatures Th and Tc, the other walls being insulated. Due to buoyancy, a fluid motion is induced in the cavity, depending on the cavity geometry, the working fluid and the temperature difference, ΔT (ΔT=Th-Tc). In terms of dimensional analysis, the representative parameters are the geometrical aspect ratios (Ax=W/H and Ay=D/H), the Prandtl number Pr=ν/α and the Rayleigh number Ra=(gβΔTH3)/(να). 
The cavity is filled with air (Pr=0.71, Ra=1.5×109) and its size is fixed to H=1m, with Ax=1 and Ay=0.32. Therefore, air flow in the cavity will depend only on the temperature difference, ΔT. For flow regime at high Rayleigh number, large-scale computations such as DNS and LES are now becoming increasingly feasible. RSM model with SST low-Reynolds correction at walls were used in our numerical simulation. The SIMPLE algorithm are 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, 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. For the latter, the number of CPUs were from 16 to 32.
Values of the averaged Nusselt number along the hot wall are reported in Table 1 for the different cases considered. Two methodological approaches have been adopted to investigate the air flow at high Rayleigh number in this cavity: experimental measurements on the one hand and 3D numerical simulations on the other hand. It is shown that LES and DNS model overestimate the heat transfer (Sebilleau et al, 2018). Our 2D RMS model predicts results more closely to experiment (Figure 4): simulation data show the same profile tendencies as in experiments. The deviation have to be investigated in future studies in order to find an additional explanation as the one of stresses models.
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.
	3D LES
	3D DNS
	RSM (our case)
	Experiment

	57.5
	58
	55.41, 55.82
	54



One-dimensional steady-state energy balance (external function, Figure 3b). 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 in. The radiative flux leaving the individual sheet surface is denoted by qr i;i+1, or qri;i-1, and the convective flux at the individual layer surfaces is denoted by qci;i+1, or qci;i-1, 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: α - absorptance - fraction of incident radiation absorbed, ρ - reflectance - fraction of incident radiation reected, τ - transmittance - fraction of incident radiation transmitted. In the cases of termo-screens using in greenhouses α+ρ+τ=1. We obtained the expression for heat transfer between two planar thermo-screens:
	[image: ]
	(1)


where, σ is the Stefan-Boltzmann constant
	[image: ]
	(2)


Decompose Equation 1 to the form
	[image: ]
	(3)


here γi is a function of temperatures of i; i-1; i+1 screens and their properties. An energy balance is performed at each screen layer an equations are written as:
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	(4)
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	(5)


here qtr is radiative heat transmittance, calculated in accordance with Equation 1, hi;i±1 is a convective heat transfer coefficient at sheet side facing to sheet i±1.
Numerical solution of the energy equations. The final form of the linearize Equation 4 specific to sheet i may be written as:
	[image: ]
	(6)


in matrix form AT=B:
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	(7)


here ai;i = ai; ai;i-1 = ci; ai;i+1 = di; where
	[image: ]
	(8)


The linear system (7) is solved by TDMA (Tridiagonal matrix algorithm). Matrix A is diagonally dominant, therefore the TDMA procedure converges for any initial guess T0.
Thus, we developed calculation procedure for heat transfer through screens in which three diagonal matrix are used. Only neighboring layers i-1 and i+1 explicitly formed down and upper diagonals of linear system matrix. Interaction i layer with transperened layers calculated implicitly. Linear system matrix solved by TDMA (Tridiagonal matrix algorithm). This our procedure demonstrate higher convergence: only two- or three iterations needs to resolve nonlinearity of radiative heat flux and used as UDF (user defined function) for FLUENT implementation.
A hot-box method for measuring the overall heat transfer coefficient. The technique is based on measurements of the overall heat transfer coefficient of several layers of insulation materials to be used as thermal screens and covers in greenhouse (Vitoshkin et al, 2018). Insulated hot boxes (Figures 1 and 2) are used for the measurements while different combinations of samples and covers are integrated to the upper surface of the box. The hot box bottom plate is subjected to Joule by multi-pass s-shape flexible heating wire in order to provide uniform heat flux through the 1m2 surface. A variable power transformer (24 Watt) regulated the power with incremental change of power with high accuracy. Figure 5a shows that that the normalized heat transfer coefficient (averaged over six set points) decreases rapidly for all screen types (IC-100 containing maximum amount aluminium strips, IC-30 gives 30% shading, IC-0 is a clear screen). The reduction of overall heat coefficient can reach 70%. With following addition of screens the coefficient decreases by 10% approximately. In general, the energy saving properties of thermal screens are related to the humidity transport. It is required to satisfy the uniform climate conditions at 18-23°C and 60-80% humidity to avoid physiological diseases for most of the plants. Using mechanical dehumidification system allows to avoid condensation due to humidity excess, and therefore eliminates the need for air permeability and extensive ventilation. Figure 5b represents the typical temperature differences are required to reach a dew point temperature of 15°C for different combination of thermal screens and covers. It is shown that using the multilayer thermal screen allows to keep higher ΔT over all types of screen materials.

Facilities
Our research group is equipped with HPC having 32 processors Intel(R) Xeon(R) CPU X5355 @2.66GHz, RAM 32GB and Virtual Computer with 16 processors Intel(R)Xeon(R) CPU ES-2660 v4 @2.00GHz RAM 128GB with academic 1 task ANSYS license. Also, 2 powerful PCs and 2 single‐processor Pentium‐5 PCs, some of them used for control of experiment and others as students’ working places. Additional multi-processor nodes are available at ARO Computer Center. In addition, there are access to multiprocessor server available at JCE Computer Center including academic ANSYS license as well as there is an access to highly equipped Material Science Department laboratory. For supercomputing needs, we have access to access to LinkSCEEM Mediterranean supercomputer network, to PRACE supercomputer facility in EU, and to Mellanox supercomputer center. 
In addition, two identical hot-box experimental setups with computerized controlled system have been build, calibrated and tested. We also have environment testing facility with a full meteorological station, sensors for solar radiation, temperature, etc.; as well as open access to the Department of Agricultural Engineering workshop.

Expected Results, scientific and empirical contribution 
The expected results of the proposed studied can be divided into three independent sets. First, we expect to publish several papers in the top (Q1) academic journals, e.g., Journal of Heat Transfer. Second, we expect that results of the proposed study will help growers to understand more about energy saving screen properties and allow them to make an informed choice of investment. Third, we believe that experimental and computational techniques utilized in the proposed research will be helpful to the laboratory and computational modeling of other material processing and technological applications.
Both researches realize that goals of this study are very ambitious, so that pitfalls and bottlenecks can be expected at each and every step. For example, previously used experimental techniques can require additional technical solutions to be implemented in the planned experiments. The numerical models to be developed can work too slowly to yield a meaningful result. At the same time, both researches are experienced to overcome situations of this kind and to find alternative ways for progressing the research.
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