









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













ARTICLE IN PRESS Biosystems Engineering (2007) 96 (3), 345–360 doi:10.1016/j.biosystemseng.2006.11.008 PH—Postharvest Technology
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In this paper, three-dimensional (3D) temperature distributions in a ventilated empty room and room ﬁlled with obstacles were compared experimentally to evaluate the presence of biological material, such as stored products, on the temperature uniformity. During experiments, step inputs in inlet air temperature were applied and temperature responses at 36 sensor locations were recorded to develop a data-based mechanistic (DBM) model of the temperature response at different positions in the room. The simpliﬁed reﬁned instrumental variable (SRIV) algorithm was used as model parameter identiﬁcation tool to obtain the best model order and parameters. The developed model demonstrated to be an accurate representation of the system in both empty and porous media. The predicted temperature in the room had a good correlation, coefﬁcient of determination R24099, with the measured data and the model provided several physically meaningful parameters to present the 3D temperature distribution in the porous media. The average accuracy was 01 1C. r 2006 IAgrE. All rights reserved Published by Elsevier Ltd



1. Introduction The uniform quality of a product in a drying process or a storage room has been greatly related to the air and product temperature distribution (Ville & Smith, 1996, Chua et al., 2002; Verboven et al., 2004; Chao & Wan, 2004; Somkiat et al., 2005). It is now widely recognised that the air in a ventilated process is never perfectly mixed due to the existence of multiple air ﬂow regions, the presence of stagnant zones and the occurrence of short-circuiting of air to the exhaust outlet. The spatially heterogeneous heat and mass transport phenomena in imperfectly mixed ﬂuids are complex dynamic processes with considerable uncertainty about their nature (Janssens et al., 2004). In non-isothermal conditions, incomplete air mixing gives rise to three-dimensional (3D) temperature gradients (D’Alfonso et al., 1994; De Moor & Berckmans, 1993) that have a major impact on process quality, energy usage and process efﬁciency. Although computational ﬂuid dynamics (CFD) can be applied successfully to modelling velocity, temperature distributions to a detailed level (Campen & Bot, 2003), it must be used with care. One must be aware of 1537-5110/$32.00



the fact that a CFD model constitutes the culmination of a large number of assumptions and approximations resulting in models that lack the necessary accuracy to be appropriate for control purposes (Oltjen & Owens, 1987). The use of an insufﬁciently dense grid, the selection of an improper turbulence model and carelessly speciﬁed boundary conditions can lead to erroneous results. When applied to the problem of active process control of the spatio-temporal heat and mass distribution in a ventilated air space or agricultural and industrial process rooms, such numerical CFD models are restrictive owing to their exceptional complexity. To overcome this difﬁculty, a modelling approach was developed, which, as a hybrid between the extremes of data-based modelling, provides a physically meaningful description of the dominant internal dynamics of heat and mass transfer in the imperfectly mixed ﬂuid (Berckmans & Goedseels, 1986; Berckmans et al., 1992a; Janssens et al., 2004). Data-based mechanistic model (DBM) for 3D temperature distribution approach was developed for two reasons: (1) a DBM model is relatively compact, characterises the dominant 345
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Notation a1, a2, a3, b1, b2 coefﬁcients of transfer function cp,i, cp,0, cp,enve- heat capacity of the air in the wellmixed zone i, the supply air, and lope buffer zone, J kg C1 Itemp temperature uniformity index, % K 1, K 2, K 3 coefﬁcient, s1 k1 total heat transfer coefﬁcient between the WMZ number i and the buffer zone, W m2 1C1 k2 total heat transfer coefﬁcient between the buffer zone and environment, W m2 1C1 qin internal heat production, W qc,i part of the total heat production in the room entering the well-mixed zone i, W S1 surface area of heat of heat exchange between inside room and buffer zone, m2 S2 surface area of heat exchange between buffer zone and environment, m2 s Laplace operator T0(t) supply air temperature at time, 1C T1(s) the time constant, s Tavg average of temperature air temperature in the chamber, 1C



modal behaviour of the dynamic system and is, therefore, an ideal basis for model-based control system design (Camacho & Bordons, 1999; Maciejowski, 2002); (2) QUOTE "" the model structure of a DBM model provides a physically meaningful description of the process dynamics and can, therefore, easily be applied to a wide range of imperfect mixing processes: in different ﬂuids (air, water, etc.), on different scales (micro- and macro-scale) and in numerous application areas. This research focuses on the quantiﬁcation of the 3D spatial uniformity of air temperature in a ventilated room ﬁlled up with obstacles and tries to resolve the causes by using a DBM approach. 2. Materials and methods 2.1. Laboratory test room A mechanically ventilated laboratory test room (Fig. 1) with a length of 3 m, a height of 2 m and a width of 15 m was used in the experiments. In the left sidewall there was a slot inlet just beneath the ceiling and an asymmetrically positioned, circular air outlet in



Tenvelope(t) Ti(t) Tlab T 0 ; T i ; T envelope t t0(t), ti(t), tenvelope(t)



V Vc Vi Venvelope VL a1 b1 gi, g0, genvelope



DT t



temperature of the stagnant air in the buffer zone at time, 1C temperature in the WMZ number i at time, 1C laboratory temperature, 1C input, room and buffer zone temperature at steady state condition, oC time, s temperature in the small temperature deviation around steady state condition, 1C inlet air ﬂow rate, m3 h1 part of the total ventilation rate entering the well-mixed zone, m3 s1 volume of the WMZ number i, m3 volume of the envelope zone, m3 considerable volume, m3 coefﬁcient, s1 local volumetric concentration of fresh air rate, s1 density of the air in the well-mixed zone i, the supply air, and buffer zone, kg m3 acceptable gradient temperature, 1C advective time delay, s



the right sidewall just above the ﬂoor. The volume of air in the test room was 9 m3. An envelope chamber of length 4 m, width 25 m and height 3 m was built around the test room to reduce temperature disturbing effects of varying laboratory conditions (ﬂuctuating temperature, opening doors, etc.). The volume of the buffer zone was 21 m3. The test room and the envelope chamber were both constructed of transparent plexiglass through which the airﬂow pattern was observed during ﬂow visualisation experiments. A mechanical ventilation system enables an accurate control of the ventilation rate in the range 70–420 m3 h1 and this with an accuracy of 6 m3 h1. A heat exchanger unit is provided in the supply air duct to regulate the temperature of the inﬂowing air. A series of ﬁve aluminium heating elements (300 W total) is used to physically simulate the internal heat production. To measure the spatio-temporal temperature distribution in the test chamber, 36 calibrated type T thermocouples are positioned in two vertical planes within the chamber. A more detailed description of the laboratory test room is given in the literature (Berckmans et al., 1992b QUOTE "" ). On the ﬂoor of the test installation, 12
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Fig. 1. Test chamber



large tubes with a diameter of 90 mm were installed, which were connected to the air outlet. These tubes were perforated with 24 holes, each with a diameter of 10 mm. The test installations were ﬁlled with 480 plastic balls, each with a diameter of 019 m and a weight of 012 kg (Fig. 2) to physically simulate uniform obstacles. These obstacles represented the physical presence of material in drying or storage processes. The porosity, deﬁned as airspace divides to total bulk volume, in this experiment was approximately 027. Image analysis to visualise 2D airﬂow pattern was performed as described by Van Brecht et al. (2000). After the steady-state condition was reached for adjusted ventilation rate, neutrally buoyant white smoke [3-ethylglycol (30% by weight), propylene glycol (30% by weight) in water] was injected into the room. The 2D smoke pattern was recorded by a charge-coupled device camera (Hitachi KP-M1E/K, Japan) to visualise the airﬂow pattern (Fig. 3).



Inlet



Ball Temperature sensor Outlet Heat generation element



Duct



Fig. 2. Filled chamber with random balls as obstacles



2.2. Experiments Two conﬁgurations were used for the experiments: empty chamber and chamber ﬁlled with obstacles (plastic balls).
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To get time-series data for dynamic modelling, experiments were carried out with step changes in inlet temperature from 11 to 17 1C and 17 to 11 1C while maintaining a constant ventilation rate. The ventilation rate was varied between 120 and 280 m3 h1 (133–311 volume changes per hour for empty room) in different experiments, while the internal heat production was maintained at 300 W in each experiment. 2.3. Data-based mechanistic modelling approach



2.3.1. Mechanistic phase in the empty room The DBM approach represents the imperfectly mixed ﬂuid in a process room by a number of well-mixed zones



Inlet temperature, °C



Inlet temperature, °C



Data-based mechanistic modelling approach was applied to estimate the temperature distributions in the obstacle room from inlet temperature. This approach is



illustrated in Fig. 4. The most parametrically efﬁcient model structure was ﬁrst deﬁned statistically from the available time series data in an inductive manner, based on a generic class of black-box models (normally linear or non-linear differential equations or their difference equation equivalents). After this initial black-box modelling stage, the model is interpreted in a physically meaningful, mechanistic manner based on the nature of the system under study and the physical laws that are most likely to control its behaviour (Young, 2002).
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Fig. 3. Step up (a) and step down (b) experiments;
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End Fig. 4. Data-based mechanistic (DBM) modelling technique



ARTICLE IN PRESS THREE-DIMENSIONAL AIR TEMPERATURE DISTRIBUTIONS IN POROUS MEDIA



(WMZs) in the room. These WMZs exist in every imperfectly mixed ﬂuid. A schematic representation of a WMZ in a process room with ventilation rate V in m3 s1) and with internal sensible heat production qin in J s1 is given in Fig. 5. To describe the dynamic behaviour of temperature in each of the considered n WMZs, standard heat transfer theory was applied. In the case of a constant ventilation rate, this resulted in ﬁrst-order differential equation of the form (Janssens et al., 2004) dT i ðtÞV i gi cp;i ¼ V c T 0 ðt  tÞg0 cp;0  V c T i ðtÞgi cp;i dt þ qc;i þ k1 S 1 ðT envelope ðtÞ  T i ðtÞÞ



ð1Þ



where: Ti(t) is the temperature in the well-mixed zone in 1C; T0(tt) is the input temperature in oC; Vc is the Tlab Buffer zone (envelope zone)
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Tenvelope (t)



Vo , T0 (t − ), 0, cp,0 Ti (t)



T0 (t)



WMZ qc,i



qin



Vc , T0 (t), i , cp,i



Fig. 5. Schematic representation of the well-mixed zone concept: V, air flow rate; Vc, part of the total ventilation rate entering the well-mixed zone i; T0(t), supply air temperature at time; Tenvelope(t), temperature of air in the buffer zone at time; Tlab, laboratory temperature; qin, internal heat production; qc,i, part of the total heat production in the room entering the wellmixed zone i; t, time; advective time delay; cp,0, cp,i, heat capacity of the air in the well-mixed zone i and the supply air; gi , g0, densities of the air in the well-mixed zone i and supply air



t0 (t − )



β1



349



part of the ventilation rate that enter the well-mixed zone, m3 h1; Vi is the volume of well mixed zone in m3; Tenvelope(t) is the temperature in buffer zone in 1C; k1 is the heat transfer coefﬁcient between WMZ1 and WMZ2 in J s1 m2 1C1; S1 is the surface area of heat of heat exchange between inside room and buffer zone in m2; qc,i is the internal heat production in J s1; cp,0, cp,i are the speciﬁc heats of air inlet and air in the well-mixed zone i in J kg1 1C1; and t0, ti are the densities of the air supply and air in the well-mixed zone i in kg m3. The buffer zone consists of a volume of air between the central chamber walls and the envelope chamber walls. There is a heat exchange between the air in the buffer zone and the air in the central chamber. In contrast to the zonal and nodal models in the literature (Dalicieux et al., 1992; Li et al., 1992 QUOTE "" ), the different WMZs here are considered as decoupled or non-interactive zones. The reason for considering noninteractive 3D zones is that (1) the resulting n models (the response of temperature in each WMZ to changes in the air temperature inlet conditions is described by a single model, resulting in n ﬁrst order models for n WMZs) that can be used for controlling the conditions in the n well-mixed zones each time only using the air inlet conditions; (2) since the product in all positions within the ventilated process needs to be dried, the focus on the WMZ model concept is to model the movement of supplied air to a particular zone. Finally, all zones must be reached by using the process control inputs. This provides two major advantages: (1) it is not required to determine the interactions (air and heat ﬂows) between the different zones that generate lots of inaccuracies in zonal and nodal modelling; (2) when considering non-interactive WMZs, the spatio-temporal model is also less complex and more appropriate for control purposes. Under the assumption that g0EgiEg and cp,0Ecp,iEcp, differential Eqn (1) was rewritten by Janssens
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Fig. 6. Block diagram of the feedback connected the second-order transfer function: s, Laplace operator; t0(tt), supply air temperature at time; tenvelope(t), temperature of air in the buffer zone at time; t, time; advective time delay; b1, local volumetric concentration of fresh air rate; K1, K2, K3, a1, model parameters
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et al. (2004) as dT i ðtÞ Vc k1 S 1 ¼ T 0 ðt  tÞ þ T envelope ðtÞ dt Vi V i gcp   qc;i V c k1 S 1  þ T i ðtÞ þ V i V i gcp V i gcp



If only small temperature perturbations t0(tt), tenvelope(t) and ti(t) are considered around steady state, then (Janssens et al., 2004) ð2Þ



  dti ðtÞ V c k1 S 1 V c k1 S 1 ti ðtÞ t0 ðt  tÞ þ tenvelope ðtÞ  þ ¼ Vi V i gcp V i V i gcp dt



(4)



The associated steady-state equations are as follows:   qc;i Vc k1 S 1 V c k1 S 1 T0 þ T envelope  þ Ti þ ¼0 Vi V i gcp V i V i gcp V i gcp



dti ðtÞ ¼ b1 t0 ðt  tÞ þ K 1 tenvelope ðtÞ  a1 ti ðtÞ dt



(3) with T 0 ; T i ; T envelope input, room and buffer zone temperature at steady-state condition in 1C.



(5)



where the coefﬁcient  b1, K1 and a1 are given by b1 ¼ V c =V i ; K 1 ¼ k1 S 1 V i gcp ;    a1 ¼ V c =V i þ k1 S 1 V i gcp ¼ b1 þ K 1
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Fig. 7. (a) Visualisation of measured three-dimensional temperature distribution in the empty room under the following steady-state conditions: ventilation rate 120 m3 h1, air supply temperature 17 1C and internal heat production 300 W; (b) visualisation of the 3D zone in the empty room with acceptable temperature gradient 02 1C
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Equation (5) can be expressed in a continuous-time transfer function form as



ti ðtÞ ¼



b1 K1 t0 ðt  tÞ þ tenvelope ðtÞ s þ a1 s þ a1



(6)



Temperature uniformity index, %



It has already been shown that the spatio-dynamic temperature response of 36 sensors in an imperfectly mixed ventilated empty room can be successfully modelled with the DBM concept [Eqn (6)] for a wide range of ventilation rates to variations of the supply air temperature. It has been demonstrated that the modelling approach is applicable to different ﬂuids (air, water), to process rooms of different scale (macro-scale, micro-scale) and to processes with different ﬂow



conditions (turbulent ﬂow, laminar ﬂow), (Janssens et al., 2004). It has been shown that the model parameters b1, K1 and a1 in Eqn (6) have a physical meaning (Berckmans et al., 1992a; Janssens et al., 2004 QUOTE "" ). Parameter a1 in s1 is the sum of b1 in s1 and K1 in s1. It is also the reciprocal of the time constant T1(s) of the ﬁrst-order model. Parameter K1 is the local transmission coefﬁcient of heat exchange between the WMZ and the buffer zone. Parameter b1 is the local volumetric concentration of fresh airﬂow rate (Berckmans et al., 1992a; Janssens et al., 2004 QUOTE "" ) or the local outside air change rate (Li et al., 1994) in the WMZ. It is the amount in m3 of fresh supply air ﬂowing into the considered WMZ per unit of time in second divided by the volume of the WMZ in m3.



100 90 80 70 60 50 160 150 Ven tila



140 tion 130 rate , m3 − h 1



Temperature uniformity index, %



(a)



0.6



1



0.8



ient, °C



ad 0.4 ture gr mpera e t e l b ccepta



120 0.2



A



100 90 80 70 60 50 280 270 Ven 260 tilat ion 250 rate , m3 − h 1



(b)



351



0.8



1



240 0.2



0.6 ient, °C 0.4 re grad u t a r e p le tem ceptab



Ac



Fig. 8. Temperature uniformity index (Itemp) of the empty room: (a) low ventilation rates (120–160 m3 h1); (b) high ventilation rates (240–280 m3 h1) with an acceptable temperature gradient from 02 to 1 1C
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A ﬁrst-order heat balance can be written for the envelope zone: dT envelope ðtÞV envelope genvelope cp;envelope dt ¼ k1 S 1 ðT i ðtÞ  T envelope ðtÞÞ þ k2 S2 ðT lab  T envelope ðtÞÞ



The block diagram of Eqns (9) and (10) is given in Fig. 6. Combining transfer functions in Eqns (9) and (10), the second order continuous-time TF model for the central chamber-buffer zone system becomes (s is Laplace operator)



ð7Þ where: Tenvelope(t) is the temperature in the buffer zone in 1C; Venvelope is the volume of buffer zone in m3; k2 is the heat transfer coefﬁcient between buffer zone and environment in W m2 1C1; S2 is the surface of heat exchange between buffer zone and environment in m2; Tlab is the environment temperature in 1C; genvelope is the density of air in buffer zone in kg m3; cp,envelope is the speciﬁc heat of air in buffer zone in J kg1 1C1. With cp,envelope ¼ cp and genvelope ¼ g, Eqn (7) can be simpliﬁed analogous to dtenvelope ðtÞ ¼ K 3 ti ðtÞ  ðK 3 þ K 2 Þtenvelope ðtÞ dt



b1 K1 t0 ðt  tÞ þ tenvelope ðtÞ s þ a1 s þ a1



tenvelope ðtÞ ¼



K3 ti ðtÞ s þ ðK 2 þ K 3 Þ



b0 s þ b1 t0 ðt  tÞ s 2 þ a1 s þ a2



(11)



where: b0 ¼ b1 b1 ¼ b1 ðK 2 þ K 3 Þ a1 ¼ ða1 þ ðK 2 þ K 3 ÞÞ   a2 ¼ ðK 2 þ K 3 Þa1  K 1 K 3 ¼ ðK 2 þ K 3 Þa1  a1  b1 K 3



(8)



where the coefﬁcients K1, K2 and K   3 are:K 1 ¼ k1 S1 = :V i gcp ; K 2 ¼ k2 S 2 V i gcp ; K 3 ¼ k1 S 1 V envelope gcp These ﬁrst order of differential Eqns (5) and (8) can be converted to a transfer function (TF) form by using the Laplace operator. This yields ti ðtÞ ¼



ti ðtÞ ¼



(9)



(10)



2.3.2. Data-based phase in the empty room The time-series data obtained from dynamic experiments were used. In ‘data-based phase’, the modelling technique was used to ﬁt data to several equations and evaluate each equation by statistical meaning. Although other techniques are available, the simpliﬁed reﬁned instrumental variable (SRIV) approach was employed as a method for model identiﬁcation, since it not only yields consistent estimates of the parameters but also exhibits close to optimum performance in the model order reduction context (Young, 1984).



Table 1 The model parameter estimates with for sensor position (1) and (32) in the empty room with ventilation rate is 280 m3 h1 Sensor
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a1 ¼ 00297 b0 ¼ 00155



000069 000035
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a1 ¼ 01135 a2 ¼ 00004 b0 ¼ 00427 b1 ¼ 00003
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a1 ¼ 00723 b0 ¼ 00481
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Second order



[1,2,10]



a1 ¼ 02458 a2 ¼ 00010 b0 ¼ 01350 b1 ¼ 00007



001120 000010 000590 000010



456 1000 437 1429



00035



09972



1006



32



TF, transfer function; RSE, relative standard error of parameters; SE, standard error of equations; R2, coefﬁcient of determination; YIC, Young identiﬁcation criterion; m, n and t, denominator, numerator and time delay; a1, a2, a3, b0, b1, parameters in the ﬁrst and second order of transfer function.
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0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 1 scale, s−1 Fig. 9. Partial contours of parameter b1 in the empty chamber: (a)front plane at the ventilation rate is 120 m3 h1; (b) front plane at the ventilation rate is 280 m3 h1



By combining the mechanistic and data-based phase a second-order ﬁtting equation should be selected to estimate the heat exchange process in the empty room. 3. Results and discussions The uniformity of the air temperature distribution was calculated and the cause of the non-uniformity was captured by applying the DBM approach both for the empty room and for the room ﬁlled with obstacles. 3.1. Uniformity of air temperature in the empty test installation The temperature uniformity index Itemp is a useful index to quantify the spatial homogeneity of tempera-
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Fig. 10. Visualisation of the airflow pattern with smoke: (a) 120 m3 h1; (b) 280 m3 h1



ture in a ventilated airspace, and is deﬁned as the volumetric part in % of airspace with the temperature between the limiting value Tavg–DT and Tavg+DT, where Tavg is the average of air temperature in the chamber, and DT is the acceptable temperature gradient: n P



I temp ¼



Vi



i¼1



VL



(12)



where: Vi is the volume of the well-mixed zone in m3 (Vi ¼ 0 if temperature is not in T avg  DT); VL is a considerable volume in m3; DT is the acceptable temperature gradient in 1C; and Tavg is the average of air temperature in the chamber in 1C.
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Fig. 11. (a) Visualisation of measured three-dimensional temperature distribution in the obstacle room under the following steady state conditions: ventilation rate 120 m3 h1, air supply temperature 17 1C and internal heat production 300 W; (b) Visualisation of the 3D zone in the obstacle room with acceptable temperature gradient 02 1C



As a representative example, Figs 7(a) and (b) visualise the measured 3D temperature distribution in the empty room under the following steady-state condition (duration for steady state is 2 h). This ﬁgure illustrates that the empty room has an imperfectly mixed air volume with a non-uniform temperature distribution, and the volume part of airspace with acceptable temperature gradient 02 1C is 667%. The measured temperature uniformity index is shown in Fig. 8 as a function of the acceptable temperature gradient DT and the ventilation rate. The higher the acceptable temperature gradient, the more volume of air in the test installation fulﬁls the condition of uniformity. The higher the ventilation rate, the better the air inside the room is mixed, resulting in a higher uniformity index.



3.2. Data-based phase in the empty room Applying continuous-time SRIV algorithm (Young, 1981) to estimate the parameters in the ﬁrst- and secondorder transfer function is based on coefﬁcient of determination R2 and minimisation of the Young identiﬁcation criterion (YIC) value. Positions (1) and (32) in the empty room were used as examples for calculating. From Table 1, it is obvious that the ﬁrst and the second-order transfer function can be applied in the empty room, but the second order has a higher value for R2 than the ﬁrst order. This result is in good agreement with previous research (Janssens et al., 2004). By modelling the temperature responses at each sensor location in the experimental chamber, physical
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Fig. 12. Temperature uniformity index (Itemp) of the obstacle chamber at (a) low ventilation rates (120–160 m3 h1); (b) high ventilation rates (240–280 m3 h1)



meaningful model parameters were derived. The most important parameter in relation to uniformity of air temperature is the local volumetric concentration of fresh air ﬂow rate b1. In Fig. 9, the local volumetric distribution of the concentration of fresh air ﬂow rate is shown on a vertical plane in the test installation as a function of the ventilation rate in the empty test installation. (At the low ventilation rate (120 m3 h1) b1 changes in the range of 00013–00975 compared to 00042–0135 at the high ventilation rate (280 m3 h1)). Further, the contour plots calculated from the measured dynamic temperature distribution relate well to the airﬂow pattern (Fig. 9). The incoming air rapidly moves from the top to the bottom through holes on the duct system and coming out. So, the air circulates much more slowly at the top positions. The performance of b1



value (Fig. 9) is also in good agreement with the airﬂow pattern in the smoke injection experiment (Fig. 10).



3.3. Uniformity of air temperature in the test installation filled with obstacles Figures 11(a) and (b) visualise the measured 3D temperature distribution in the obstacle room under the following steady-state condition. The volume part of airspace with acceptable temperature gradient 02 1C is 1389% of bulk volume. The performance of these plots has the same form as the empty room (Fig. 12). At low ventilation rates and low acceptable temperature gradients, the uniformity index is less. The lower the acceptable temperature
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Fig. 13. (a) The output of the first-order, second-order transfer function model compared with the measured temperature response at the sensor position (1); (b) at the sensor position (32) in the obstacle chamber at ventilation rate 280 m3 s1; , first order; , second order; noise line, experiment data



gradient, the less the volume of air in the test installation fulﬁls the condition of uniformity. The lower the ventilation rate, the less the air inside the room is mixed, resulting in a lower uniformity index. More detail of the comparison of the uniformity index in both cases is shown in Fig. 16.



3.4. Data-based mechanistic modelling approach in the obstacles room The continuous-time SRIV algorithm was used to identify and estimate the parameters in the ﬁrst-, second- and third-order transfer function at 36 positions
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in the room. Positions 1 and 32 were used as examples in this paper (Fig. 13). Table 2 shows that the best identiﬁed TF model in terms of YIC identiﬁcation criterion is a ﬁrst order model. The best-ﬁtting equation is the third-order model associated with the smallest standard error and highest value for the coefﬁcient of determination R2. The residuals plot of the ﬁrst-, second- and third-order models are shown in Fig. 14. From this ﬁgure there is a signiﬁcant difference between the ﬁrst- and second-order model, but not between the second- and third-order model. Although, the third-order model gives the bestﬁtting equation, it is more complicated than the secondorder model (high in YIC values). So, the second order of TF can be selected to estimate the air temperature distribution in the obstacle room with accuracy comparable to the third-order model. The partial contour of b1 is equal to b0 parameter in a second-order transfer function of rear and front planes as presented in Fig. 15. b1 value at the position (32) is higher than the position (1). A high velocity in the



obstacle room with the same ventilation rate is the cause of a high b1 in the position (32), but b1 in the obstacle room is not proportional to the air velocity. There is a signiﬁcant relation with the heat transfer to objects and the airspace velocity distribution in the obstacle room. The partial value of b1 for the rear and front planes are presented in Fig. 15. 3.5. Comparison between the empty test installation and the test installation filled with obstacles The same ventilation rate and acceptable temperature gradient resulted in a different temperature uniformity index with both experiments (Fig. 16). With an acceptable temperature gradient below 06 1C there is a big difference between the two experiments. At an acceptable temperature gradient above 08 1C, however, there was not a signiﬁcant difference. At higher ventilation rate a higher temperature uniformity index was measured in the chamber due to the transport of internal heat production.



Table 2 The model parameter estimates with for sensor position (1) and (32) (in the obstacle room with ventilation rate is 280 m3 h1) YIC values



Order of TF



[m, n,t] Parameter estimates Standard error of parameters RSE, %



1



First order



[0,1,10]



a1 ¼ 00167 b0 ¼ 00085



00032 00015



192 118



00154 09722



108442



Second order



[1,2,10]



a1 ¼ 00913 a2 ¼ 00003 b0 ¼ 00284 b1 ¼ 00002



00028 00000 00011 00000



449 000 387 000



00028 09949



96032



Third order



[2,3,10]



a1 ¼ 01520 a2 ¼ 00022 a3 ¼ 00000 b0 ¼ 00373 b1 ¼ 00008 b2 ¼ 00000



00176 00007 00000 00027 00002 00000



115 318 00 742 25 000



00027 09951



5606



First order



[0,1,10]



a1 ¼ 01156 b0 ¼ 00936



00026 00021



225 224



0008



09943



1207



Second order



[1,2,10]



a1 ¼ 03746 a2 ¼ 00024 b0 ¼ 02574 b1 ¼ 00002



00024 00001 00093 00001



371 417 361 500



00015 09989



1158



Third order



[2,3,10]



a1 ¼ 09171 a2 ¼ 00224 a3 ¼ 00001 b0 ¼ 05666 b1 ¼ 0017 b2 ¼ 0000



00317 00013 00000 00193 00009 00000



346 580 000 341 529 000



00013 09991



1035



32



SE



R2



Sensor



TF, transfer function; RSE, relative standard error of parameters; SE, standard error of equations; R2, coefﬁcient of determination; YIC, Young identiﬁcation criterion; m, n and t, denominator, numerator and time delay; a1, a2, a3, b0, b1, b2, parameters in the ﬁrst and second order of transfer function.
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Fig. 14. Residual plots of the first- (a), second- (b) and third order model (c) at the sensor position (32) in the obstacle room with the ventilation rate 280 m3 h1



in the chamber with obstacle is high compared to that for b1 in the empty chamber but the value for b1 is not proportional to the air velocity in the obstacle room. A part of energy has been transferred to the air inside the obstacles so the b1 should be smaller than for the same air velocity in the empty room. Acceptable temperature gradient and local volumetric concentration of fresh air rate b1 have great relationship with uniformity index in both cases. Those are parameters to be considered to control the uniformity of temperature ﬁnal products during thermal processing, drying and storage processes.
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Fig. 15. Partial contours of parameter b1 in the obstacle chamber at the front plane with the ventilation rate 28 m3 h1



The air space in the obstacle chamber was smaller than in the empty chamber (approximately 27% in comparison with the empty room), so the air velocity in the obstacle chamber was relatively higher in comparison with the empty chamber at the same inlet air ventilation rate. The high velocity in the obstacle chamber means that there is more fresh air coming to each place in the chamber. It is clear that the value of b1



To control the uniformity of product quality in thermal processing, drying and storage processes, in this study, an earlier-developed data-based mechanistic (DBM) approach was extended from an imperfect mixing process in an empty mechanically ventilated laboratory test chamber to a test installation ﬁlled with obstacles. The DBM model, with physically meaningful model parameters, could model the spatio-dynamic temperature response at 36 positions in the room to a variation of the supply air temperature with an accuracy of 01 1C. The local fresh air concentration in the empty test installation showed good qualitative agreement with the smoke visualisation experiments. This means that
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Fig. 16. Comparison between the temperature uniformity index (Itemp) for two values of the acceptable temperature gradient 02 1C (a) and 1 1C (b); , empty room; , bstacle room



dynamic temperature experiment could be used to quantify the air temperature distribution inside the room. Local fresh air rate in porous media was higher than in the empty room. For example, 0028 and 0247 compared to 0042 and 0135 at the positions (1) and (32), respectively, at the same rate of ventilation input (280 m3 h1). This was explained by the fact that the local volumetric concentration of fresh air rate in the porous media is not only determined by air distribution but it also by the heat transfer to the objects. A model from the second order and a coefﬁcient of determination R24099 was found to predict temperature distribution in the obstacle room with a very small error (o01 1C). This model is an important ﬁrst step to control the temperature distribution in drying process, storage room or other air conditioned spaces with biological products. References Berckmans D; De Moor M; De Moor B (1992a). New model concept to control the energy and mass transfer in a threedimensional imperfectly mixed ventilated space. Proceedings of the Roomvent’ 92, vol 2, pp 151–168, Aalborg, Denmark Berckmans D; De Moor M; De Moor B (1992b). Test installation to develop a new model concept to model and control the energy and mass transfer in three dimensional perfectly mixed spaces. Proceedings of the Roomvent’ 92, vol 1, pp 399–515, Aalborg, Denmark
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