
Ðåñßëçøç

Ìïíôåëïðïéåßôáé Ýíá óýóôçìá ôñïöïäïóßáò óêüíçò áðïôåëïýìåíï

áðü ñåõóôïðïéçìÝíç êëßíç êáé áêñïöýóéï. Ó÷åäéÜæåôáé Ýíáò äéöáóé-

êüò ìåôñçôÞò ñïÞò ìÜæáò. ÓõíÜãïíôáé ç óõíÜñôçóç ìåôáöïñÜò êáé ç

áðüêñéóç ÐÅÐÅ åëÝã÷ïõ êëåéóôïý âñü÷ïõ ìå ðïëõìåôáâëçôü åëå-

ãêôÞ. Ç èåùñçôéêÞ ìïíôåëïðïßçóç åëÝã÷åôáé ìå ðñïóïìïßùóç êáé ðåé-

ñáìáôéêÜ áðïôåëÝóìáôá, þóôå íá ðåñéãñáöåß ç óõìðåñéöïñÜ ôçò ñåõ-

óôïðïéçìÝíçò êëßíçò.

1. EÉÓÁÃÙÃÇ

Ç ñåõóôïðïéçìÝíç êëßíç åßíáé Ýíá ðíåõìáôéêü óýóôçìá ðïõ

ìåôáó÷çìáôßæåé ôéò êïéíÝò óêüíåò áðü ôç óôåñåÜ ôïõò öÜóç óå

ñåõóôÞ öÜóç [11, 18, 19]. Ç ñåõóôïðïéçìÝíç êëßíç ÷ñçóéìï-

ðïéåßôáé [17] ãéá:

1. ìåôáöïñÜ, óõóêåõáóßá óêüíçò,

2. åöáñìïãÝò åðéêÜëõøçò ìå åêôüîåõóç (spray),

3. óêëÞñõíóç õëéêþí,

4. ìåôáöïñÜ èåñìüôçôáò, åðåîåñãáóßá åðéöáíåéþí.

Oé åöáñìïãÝò ôçò ñåõóôïðïéçìÝíçò êëßíçò [5] âñßóêïíôáé

óôçí ðåñéï÷Þ ôçò ôå÷íïëïãßáò óêüíçò, äçëáäÞ:

1. öáñìáêåõôéêÞ âéïìç÷áíßá,

2. âéïìç÷áíßá ãõáëéïý, áëïõìßíáò, ôóéìÝíôïõ,

3. êáõóôÞñåò êÜñâïõíïõ ê.ëð.

Ìéá âáóéêÞ áðáßôçóç ôçò óýã÷ñïíçò âéïìç÷áíßáò åßíáé

áîéüðéóôåò, áêñéâåßò ìåôñÞóåéò êáé Ýëåã÷ïò ôùí ñåõóôï-

ðïéçìÝíùí êëéíþí [4, 7, 21]. H åñãáóßá ìåëåôÜ ìå ôå÷íéêÝò

ðñïóïìïßùóçò êáé ðåéñáìáôéêÜ:

1. ôçí ôñïöïäïóßá êáé ôç ìåôáöïñÜ óêüíçò ôçò êëßíçò,

2. Ýíáí ðñùôüôõðï ôýðï çëåêôñïóôáôéêïý áéóèçôÞñá ñïÞò-

ìÜæáò óêüíçò,

3. ìïíôåëïðïéåß ôïí áéóèçôÞñá êáé ôá óôïé÷åßá åëÝã÷ïõ,

4. êáé ó÷åäéÜæåé Ìßáò Åéóüäïõ - Ìßáò Åîüäïõ (ÌÅÌÅ,

SISO) êáé Ðïëëþí Åéóüäùí - Ðïëëþí Åîüäùí (ÐÅÐÅ,

MIMO) åëåãêôÝò ãéá ôï óýóôçìá.

2. ÓÕÌÂÏËÉÓÌÏÉ

= Mass Flow Rate = ÑïÞ ÌÜæáò

rms = Root Mean Square = ÌÝóç ÔåôñáãùíéêÞ ÔéìÞ

SISO = Single Input - Single Output

ÌÅÌÅ = Ìßá Åßóïäïò - Ìßá ¸îïäïò

MIMO = Multiple Input - Multiple Output

ÐÅÐÅ = Ðïëëïß Åßóïäïé - Ðïëëïß ¸îïäïé

SP = Set Point (SV=Set Value) = ÅðéèõìçôÞ ÔéìÞ

PV = Process Variable = ÌåôñïõìÝíç ÔéìÞ

MV = Manipulated Variable = ¸îïäïò ÅëåãêôÞ

3. ÐÅÑÉÃÑÁÖÇ ÔÏÕ ÓÕÓÔÇÌÁÔÏÓ

Ç ñåõóôïðïéçìÝíç êëßíç (âë. ó÷. 1) áðïôåëåßôáé áðü:

1. äåîáìåíÞ áðïèÞêåõóçò - ñåõóôïðïßçóçò óêüíçò,

2. ößëôñï ÷áñôéïý áðïöõãÞò áíÜóôñïöçò ñïÞò ôçò óêüíçò êáé

ìåôáëëéêü ðëÝãìá äéÝãåñóçò ôçò óêüíçò,

3. áêñïöýóéï, óùëÞíá ìåôáöïñÜò ðïõ ðáñÝ÷åé áêñéâåßò ðïóü-

ôçôåò ñïÞò óôåñåþí óå ñåýìá áÝñá.

ÅðåéäÞ ç ñåõóôÞ óêüíç êáôáññÝåé êáé ïé óùëçíþóåéò

áðïöñÜóóïíôáé ëüãù áíïìïéïãåíåéþí óôç ñåõóôïðïßçóç êáé ôï

ðåäßï ôá÷õôÞôùí ôïõ ñåõóôïý, ç ãåùìåôñßá, ïé óùëÞíåò êáé ôï

áêñïöýóéï åßíáé ôá ðéï åõáßóèçôá ôìÞìáôá ôçò ó÷åäßáóçò ôçò

êëßíçò. Óáí óêüíç ÷ñçóéìïðïéåßôáé óêüíç áëïõìßíáò Þ ðõñéôßïõ.

Ïé ëåéôïõñãéêÝò óõíèÞêåò [23] ôçò êëßíçò õðáãïñåýïõí ôéò

óçìáíôéêüôåñåò ðáñáìÝôñïõò (äçëáäÞ åéóüäïõò, åîüäïõò êáé

åëÝã÷ïõóåò ðáñáìÝôñïõò) ðïõ åðéäñïýí óôçí åðÜñêåéá ñåõóôï-

ðïßçóçò ôçò óêüíçò [2], äçëáäÞ:

h = óôÜèìç ñåõóôïðïéçìÝíçò êëßíçò,

V1 = ôá÷ýôçôá óêüíçò óôï áêñïöýóéï,

V2 = ôá÷ýôçôá óêüíçò óôï óùëÞíá ìåôáöïñÜò óôåñåþí

A1 = ïãêïìåôñéêÞ ðáñï÷Þ áÝñá ðïõ äéáðåñíÜ ôï ðëÝãìá óôï

÷þñï áðïèÞêåõóçò,

&m
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A2 = ïãêïìåôñéêÞ ðáñï÷Þ áÝñá óôï óùëÞíá ìåôáöïñÜò,

ÄP1 = ðôþóç ðßåóçò ößëôñïõ/ðëÝãìáôïò,

ÄP2 = ðôþóç ðßåóçò óôï áêñïöýóéï,

W = öüñôùóç (óõíïëéêÞ ìÜæá óêüíçò).

Óå ìéá ñåõóôïðïéçìÝíç êëßíç (ó÷. 1) ç ñïÞ ôïõ áÝñá ðñï-

êáëåß ìéá ðôþóç ðßåóçò ÄÑ1, êáôÜ ìÞêïò ôïõ ößëôñïõ êáé ôïõ

äéÜôñçôïõ ðëÝãìáôïò, ðïõ åðáñêåß íá óôçñßîåé ôï âÜñïò ôçò

ñåõóôïðïéçìÝíçò óêüíçò. Áýîçóç ôçò ðáñï÷Þò A1 ðñïêáëåß

áýîçóç ôïõ üãêïõ ôçò êëßíçò, Ýôóé ôï õäñïóôáôéêü ýøïò ôçò

êëßíçò åßíáé êñßóéìç ðáñÜìåôñïò. Ðáñáôçñåßôáé ìéá õóôÝñçóç

(ó÷. 2), ðïõ åîáñôÜôáé áðü ôï âáèìü óõóóùìÜôùóçò êáé ôçí

áäñÜíåéá äéÝãåñóçò (Üñá áðïôåëåß êáé ìÝôñï áõôÞò).

Ìåéþíïíôáò ôç ñïÞ ôïõ áÝñá, ç óõóóùìÜôùóç ôùí óùìáôéäßùí

åßíáé ðéï ÷áëáñÞ êáé óõíåðþò ôï ýøïò ôçò êëßíçò åßíáé õøç-

ëüôåñï êáé ç ÄÑ1 åßíáé ìéêñüôåñç [24].

Ç ðôþóç ðßåóçò êáôÜ ìÞêïò ôçò êëßíçò (ðïõ áíáãêÜæåé ôç

óêüíç íá ðåñÜóåé ìÝóù ôïõ áêñïöõóßïõ) ðñÝðåé íá åßíáé ìåãá-

ëýôåñç áðü ôçí ðôþóç ðßåóçò êáôÜ ìÞêïò ôïõ áêñïöõóßïõ óôçí

åßóïäï ôïõ óùëÞíá ìåôáöïñÜò, äçëáäÞ:

ÄP1 > ÄP2 (3.1)

áëëéþò ç ñïÞ ìÝóù ôïõ áêñïöõóßïõ èá óôáìáôÞóåé. Ç ÄÑ2, ùò

óõíÜñôçóç ôçò ñïÞò ìÜæáò óôçí êëßíç, äßíåôáé óôï ó÷. 3.

Ìåßùóç ôçò ðßåóçò óôï óùëÞíá ìåôáöïñÜò åðéôõã÷Üíåôáé ìå:

1. óùëÞíá ìåãáëýôåñçò äéáìÝôñïõ,

2. åêôïîåõôÞñá ôýðïõ venturi,

3. ÷áìçëüôåñåò ðáñï÷Ýò áÝñá,

4. áêñïöýóéï óôçí Ýîïäï ìåôáöïñÜò.

Ðßí. 1. Ôå÷íéêÝò ðñïäéáãñáöÝò ñåõóôïðïéçìÝíçò êëßíçò.

Table 1. Fluidized bed technical specifications.

Áýîçóç ôçò ðßåóçò óôï áêñïöýóéï áðïöåýãåé ôçí

áíÜóôñïöç ðßåóç, áëëÜ ìéêñÝò äéÜìåôñïé áêñïöõóßùí åíäß-

äïõí óå áðïöñÜîåéò. Ç ìç÷áíéêÞ êáé áåñïäõíáìéêÞ ó÷åäßáóç

Þ ç åðéëïãÞ ôïõ áêñïöõóßïõ åßíáé êñßóéìåò [18]. Ôï ößëôñï

óêüíçò, óôç âÜóç ôçò ñåõóôïðïéçìÝíçò êëßíçò, êáôáóêåõÜæåôáé

áðü ÷áñôß Þ ýöáóìá, áíÜëïãá ìå ôçí êõêëïöïñïýóá óêüíç

êáé ôéò ôá÷ýôçôåò ìåôáöïñÜò ôçò. Óôï Üëëï Üêñï ôïõ óùëÞíá

ìåôáöïñÜò õðÜñ÷åé áóêüò óõëëïãÞò ôçò óêüíçò Þ êõêëþíáò

[10].

Oé ôå÷íéêÝò ðñïäéáãñáöÝò ôïõ ðíåõìáôéêïý óõóôÞìáôïò

ìåôáöïñÜò óêüíçò äßíïíôáé óôïí Ðßí. 1.

4. ÌÏÍÔÅËÏ ÌÅÔÑÇÓÇÓ ÑÏÇÓ 
ÌÅ ÕÐÏËÏÃÉÓÔÇ

¸íáò 8-bit ìéêñïûðïëïãéóôÞò ðñáãìáôïðïéåß ôç ìÝôñçóç

ñïÞò, ôçí åðåîåñãáóßá óÞìáôïò êáé ôïí Ýëåã÷ï (ó÷. 4). Xñç-

óéìïðïéåßôáé ôå÷íéêÞ Ýììåóçò ìÝôñçóçò ôçò ñïÞò ìÜæáò. Ôï

interface åßíáé Ýíá ADC äýï êáíáëéþí, ìå êõêëþìáôá ðñïóáñ-

ìïãÞò, ÷ñïíéóìïý êáé ðåñéöåñåéáêþí. Ïé ëåéôïõñãßåò ôïõ ìé-

êñïåðåîåñãáóôÞ óõìðåñéëáìâÜíïõí:

1. óõëëïãÞ, áðåéêüíéóç äåäïìÝíùí,

2. åðåîåñãáóßá óÞìáôïò (ößëôñá, ìÝãéóôï, óõó÷Ýôéóç),

3. Ýîïäï ìïíôÝëïõ ôïõ óõóôÞìáôïò,

4. ìÝôñçóç ôá÷ýôçôáò ñïÞò, ìÜæáò,

5. Ýëåã÷ï ôçò äéåñãáóßáò,

6. ôéò ãåíéêÞò öýóåùò åñãáóßåò ôïõ óõóôÞìáôïò,

äçëáäÞ åßíáé Ýíáò áõôïäýíáìïò, åõöõÞò âéïìç÷áíéêüò áéóèç-

ôÞñáò-åëåãêôÞò. 

Ç áñ÷Þ ôçò ìÝôñçóçò ñïÞò ìå áëëçëïóõó÷Ýôéóç óçìÜôùí

ñïÞò óõíïðôéêÜ åßíáé ç åîÞò: Ãéá äýï (óôçí õðü ìåëÝôç ðåñß-

ðôùóç çëåêôñïóôáôéêÜ) óÞìáôá ñïÞò x(t), y(t) ðáñáãüìåíá óå

áðüóôáóç L êáé áíé÷íåõüìåíá áðï äýï (çëåêôñïóôáôéêïýò)

áéóèçôÞñåò õðïëïãßæåôáé ç óõíÜñôçóç áëëçëïóõó÷Ýôéóçò:

(4.1)

H Rxy(ô) ìåãéóôïðïéåßôáé ãéá ÷ñïíéêÞ êáèõóôÝñçóç ô*,

üðïõ (4.2)

êáé í ç ôá÷ýôçôá ôïõ ñåõóôïý [9].

Ãéá ôçí ðåñßðôùóç Ìßáò Åéóüäïõ - Ìßáò Åîüäïõ (ÌÅÌÅ,

SISO) ÷ñåéÜæåôáé Ýíá ñïüìåôñï, åíþ ãéá ôçí ðåñßðôùóç

Ðïëëþí Åéóüäùí-Ðïëëþí Åîüäùí (ÐÅÐÅ, MIMO) ÷ñçóéìï-

ðïéïýíôáé äýï ñïüìåôñá.

Ï óõããñáöÝáò [26, 27] áíÝðôõîå Ýíáí 4-êÜíáëï x 1 bit

áëëçëïóõó÷åôéóôÞ êáé Ýíáí 2-êÜíáëï x 4 bit áëëçëïóõ-

ó÷åôéóôÞ êáôÜëëçëï ãéá ìåôñÞóåéò âéïìç÷áíéêþí ñïþí.

To çëåêôñïíéêü ìÝñïò ôïõ óõóôÞìáôïò ìÝôñçóçò áðïôåëåß-

ôáé áðü åíéó÷õôÝò (FET êáé ôåëåóôéêïýò åíéó÷õôÝò OP11)

õøçëÞò áíôßóôáóçò åéóüäïõ êáé CMRR, PIA êáé ADC/DAC

interface, åíäåéêôéêü ñïÞò ìÜæáò êáé äßíåé ÷ñüíï áðüêñéóçò

ôùí åíéó÷õôþí 10-6 sec, äçëáäÞ ðïëý ôá÷ýôåñï áðü ôç

äõíáìéêÞ ôçò äéåñãáóßáò. ¸ôóé, ï

Óõíïëéêüò ×ñüíïò ÌÝôñçóçò =

= ×ñüíïò [ Áðüêôçóçò + Åðåîåñãáóßáò ] ÄåäïìÝíùí

ðáñïõóéÜæåôáé óôç ìÝôñçóç êáé óôïí Ýëåã÷ï ùò êáèáñÞ

÷ñïíéêÞ êáèõóôÝñçóç, åîáñôÜôáé äå áðü:

t * µ L v

R x t y t dxy

T

( ) ( ) * ( ).t t t= +ò
0

24 Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, IV, ôåý÷. 2    1997    Tech. Chron. Sci. J. TCG, IV, No 2



25Tå÷í. ×ñïí. Åðéóô. ¸êä. ÔÅÅ, IV, ôåý÷. 2    1997    Tech. Chron. Sci. J. TCG, IV, No 2

Ó÷. 1. ÐåéñáìáôéêÞ äéÜôáîç ñåõóôïðïéçìÝíçò êëßíçò.

Fig. 1. Fluidized bed experimental set-up.

Ó÷. 2. ×áñáêôçñéóôéêÞ ñåõóôïðïéçìÝíçò êëßíçò.

Fig. 2. Fluidized bed operating characteristic.

Ó÷. 3. Ðôþóç ðßåóçò áêñïöõóßïõ, ÄP2, ìå åêñïÞ ìÜæáò ôïõ áêñï-

öõóßïõ (áêñïöýóéá ÷Üëõâá 25mm x äéÜìåôñïò).

Fig. 3. ÄÑ2, Nozzle pressure drop v.s. nozzle mass flow rate (steel

nozzle 25 mm x D)



l ôï öÜóìá çëåêôñïóôáôéêïý óÞìáôïò,

l ôçí ðåñßïäï ôïõ ñïëïãéïý CPU, ADC/DAC,

l ôï ÷ñüíï ïëïêëÞñùóçò (ìÝôñçóçò) êáé

l ôï ñõèìï (mode) ëåéôïõñãßáò ôïõ åðåîåñãáóôÞ.

Ôõðéêüò ìåôáâáôéêüò ÷ñüíïò ôùí ñïïìÝôñùí áëëçëïóõ-

ó÷Ýôéóçò åéíáé 0.665 sec.

Tï ìïíôÝëï ôùí ìåôñçôþí ñïÞò ãéá ôç ñåõóôïðïéçìÝíç

êëßíç áðïôåëåßôáé áðü äýï áíåîÜñôçôá ñïüìåôñá ìå ðåéñá-

ìáôéêÜ ïñéæüìåíç óõíÜñôçóç ìåôáöïñÜò (ó÷. 5).

5. ÁÉÓÈÇÔÇÑÅÓ-ÄÉÁÊÑÉÂÙÓÇ

Ïé áéóèçôÞñåò çëåêôñïóôáôéêïý óÞìáôïò ñïÞò áðïôåëïý-

íôáé áðü äýï ìåôáëëéêÝò ðëÜêåò, çëåêôñéêÜ áðïìïíùìÝíåò

áðü Ýíá ôÝëåéá ãåéùìÝíï ôïß÷ùìá óùëÞíá ìåôáöïñÜò êáé

èùñáêéóìÝíåò ãéá ôéò çëåêôñéêÝò ðáñåìâïëÝò. Áíé÷íåýïõí

åðáãùãéêÜ, çëåêôñïóôáôéêÜ öïñôßá áðü ôá ðíåõìáôéêÜ

ìåôáöåñüìåíá êáé çëåêôñéêÜ öïñôéóìÝíá óùìáôßäéá ôçò

ñåõóôïðïéçìÝíçò óêüíçò [6].

Óõãêñßèçêáí äéáöïñåôéêÝò ãåùìåôñßåò, åãêáôáóôÜóåéò

áéóèçôÞñùí. ÐñïôéìÞèçêáí åîùôåñéêÜ åãêáôåóôçìÝíïé äáêôõ-

ëéïåéäåßò áéóèçôÞñåò 1 cm2 (ó÷. 6). Ïé çëåêôñïóôáôéêïß áéóèç-

ôÞñåò ðïõ ÷ñçóéìïðïéïýíôáé åßíáé ôá÷åßò, áîéüðéóôïé, óõíå÷þò

ìåôñïýíôåò, ìç ðáñåìâáßíïíôåò, ìç åîáñôþìåíïé áðü ôçí

êáôÜóôáóç ôïõ áåñßïõ, ìç êáôáíáëþíïíôåò åíÝñãåéá, áíèå-

êôéêïß óå õøçëÝò èåñìïêñáóßåò êáé äåí Ý÷ïõí áíÜãêç

óõíôÞñçóçò. Óå óõíäåóìïëïãßá óåéñÜò (array) åðéôçñïýí

äéäéÜóôáôá ìÝôùðá ñïþí.

Ïé áéóèçôÞñåò áíé÷íåýïõí çëåêôñéêÜ öïñôéóìÝíá óùìá-

ôßäéá êáé äßðïëá ìå ìç÷áíéóìïýò çëåêôñïäõíáìéêÞò åðá-

ãùãÞò [9, 22]. H ðïëéêüôçôá ôùí öïñôßùí åîáñôÜôáé áðü ôç

óêüíç êáé ôï õëéêü ôïõ óùëÞíá ìåôáöïñÜò, áíÜëïãá ìå ôç

èÝóç ôùí õëéêþí óôçí ôñéâïçëåêôñéêÞ óåéñÜ êáé ôo íüìï ôïõ

Lenz [20]. Ãéá ðáñÜäåéãìá, ç óêüíç áëïõìßíáò öïñôßæåôáé

èåôéêÜ [14]. Óêüíç, ðïõ áíáêõêëþíåôáé, ôåßíåé íá öïñôßóåé

çëåêôñé-êÜ ôçí êáèáñÞ ïõäÝôåñç óêüíç, ïäçãþíôáò Ýôóé ôïõò

çëåêôñïóôáôéêïýò áéóèçôÞñåò óôïí êüñï êáé óå áíáéóèçóßá 

[3, 13]. Öïñôßá óõíå÷ïýò ñåýìáôïò ïöåßëïíôáé óå óõóóùñåýóåéò

öïñôßùí êáé õößóôáíôáé äéïëßóèçóç, åíþ óôç ìÝôñçóç åíäéáöå-

ñüìáóôå ãéá ac óõóôáôéêÜ, ðïõ áíôéóôïé÷ïýí óå ðñáãìáôéêÝò

éäéüôçôåò ôçò ñïÞò, õðü ôçí ðñïûðüèåóç üôé ôá çëåêôñï-

óôáôéêÜ öïñôßá åßíáé óõæåõãìÝíá ìå ôç ñïÞ. Tá ac öïñôßá

åíéó÷ýïíôáé áðü ôïõò ìç÷áíéóìïýò öüñôéóçò (åíþ åîáóèåíïý-

íôáé áðï äßðïëá, óõóóþñåõóç êáé åêêåíþóåéò öïñôßùí) äßíï-

íôáò Ýíá ôõ÷áßï Þ øåõôïôõ÷áßï óÞìá. 

Tï óýóôçìá ìÝôñçóçò åîáñôÜôáé áðü ôç öõóéêÞ êáôÜóôáóç

ôçò ñåõóôïðïéçìÝíçò êëßíçò, äçëáäÞ:

1. ìÝãåèïò-ó÷Þìá óùìáôéäßùí, 

2. öýóç êáé êáôÜóôáóç óêüíçò,

3. åðéöÜíåéá ôïé÷ùìÜôùí óùëÞíá. 

ÌåëåôÞèçêáí ìç÷áíéóìïß äçìéïõñãßáò êáé áíß÷íåõóçò

çëåêôñéêþí öïñôßùí [16], êáèåóôþôá ñïÞò (ðïëý ðõêíÝò,

ðõêíÝò, áñáéÝò ñïÝò), ëåéôïõñãéêÝò óõíèÞêåò ôçò êëßíçò

(ôá÷ýôçôåò, óõãêÝíôñùóç, õãñáóßá, èåñìïêñáóßá ê.ëð.) [29],

öýóç êáé çëåêôñéêÝò éäéüôçôåò ôçò óêüíçò [1].

Áýîçóç ôçò ñïÞò ìÜæáò ôçò ìåôáöåñüìåíçò óêüíçò áõîÜíåé

ôç ìÝóç ôåôñáãùíéêÞ áðüêëéóç (rms) ôçò óôÜèìçò ôïõ çëåê-

ôñïóôáôéêïý óÞìáôïò (ó÷. 7). Áýîçóç ôçò åðéöÜíåéáò ôïõ áé-

óèçôÞñá, áðü 0.5 ¸ 8.0 cm2 ãéá ñïÞ ìÜæáò óêüíçò áðü

20g/min ¸ 200 g/min êáé óùëÞíá 10 mm, åðåíåñãåß óôï óÞìá

óáí ÷áìçëïðåñáôü ößëôñï, äßíïíôáò óõ÷íüôçôá óÞìáôïò 

0 ¸ 500 Hz. H åõáéóèçóßá ôïõ áéóèçôÞñá, óõíáñôÞóåé ôçò åðé-

öÜíåéáò, äßíåôáé óôï ó÷. 8.

ÐåéñáìáôéêÞ ìåëÝôç ôçò åðáíáëçðôéêüôçôáò, áêñéâåßáò

êáé åõáéóèçóßáò ôçò ìÝôñçóçò ôçò ñïÞò ìå ôç ìÝèïäï ôçò

áëëçëïóõó÷Ýôéóçò äßíåé åëÜ÷éóôåò áðïóôÜóåéò (1 cm) ôùí

áéóèçôÞñùí. Ôá (ó÷åôéêÜ) õøçëÞò óõ÷íüôçôáò åðáãüìåíá

çëåêôñïóôáôéêÜ óÞìáôá èïñýâïõ ñïÞò äßíïõí ïîýôáôåò áëëç-

ëïóõó÷åôßóåéò, ðïõ ïñßæïõí áêñéâåßò ÷ñïíéêÝò êáèõóôåñÞóåéò

ìå õøçëÞ äéáêñéôéêÞ éêáíüôçôá. Ï õøçëÞò óõ÷íüôçôáò åðáãü-

ìåíïò èüñõâïò ñïÞò åîáóèåíåß êáé öéëôñÜñåôáé äñáóôéêÜ

êáôÜ ôçí êáôåýèõíóç ôçò ñïÞò, ïäçãþíôáò óå ìç óõó÷åôéæüìå-

íá óõóôáôéêÜ óÞìáôïò, äçëáäÞ ôï óÞìá ÷áìçëÞò óõ÷íüôçôáò

õðåñéó÷ýåé, ðáñÜãïíôáò áìâëåßåò áëëçëïóõó÷åôßóåéò ìå áíá-

êñéâåßò ìåôñÞóåéò ÷ñüíùí êáé ñïþí. Ôï êÜôù üñéï ôçò óõ÷íü-

ôçôáò áðïêïðÞò ôùí hardware ößëôñùí åßíáé óôá 61 Hz êáé

áðïññßðôåé ôçí çëåêôñïóôáôéêÞ óõóóþñåõóç öïñôßùí óôç

óêüíç, ôïõò óùëÞíåò, êáèþò êáé ðáñåìâïëÝò Üëëùí çëåêôñé-

êþí ðçãþí [6].

ÓõìðåñáóìáôéêÜ Ý÷ïõìå:

1. Ç åõáßóèçôç ðåñéï÷Þ áíß÷íåõóçò ôïõ áéóèçôÞñá åßíáé:

(á) áíôßóôñïöá áíÜëïãç ôïõ öÜóìáôïò èïñýâïõ ñïÞò,

(â) áíÜëïãç ôçò rms óôÜèìçò ôïõ èïñýâïõ ñïÞò.

2. Ç rms óôÜèìç ôïõ èïñýâïõ ñïÞò åîáñôÜôáé áðü ôç ñïÞ

ìÜæáò ãéá óôáèåñÞ ôá÷ýôçôá óêüíçò.

3. Ôï öÜóìá ôïõ èïñýâïõ ñïÞò åßíáé áíåîÜñôçôï áðü ôç ñïÞ

ìÜæáò ãéá óôáèåñÞ ôá÷ýôçôá óêüíçò.

Ç åñãáóßá ðñïôåßíåé Ýììåóç ìÝôñçóç ñïÞò ìÜæáò, ìå äéáêñß-

âùóç ôïõ áêñïöõóßïõ (ó÷. 9), ìå óõó÷Ýôéóç rms óôÜèìçò / ñïÞò

ìÜæáò (ó÷. 10). Oé rms ôéìÝò ôïõ çëåêôñïóôáôéêïý óÞìáôïò

ïäçãïýí óå ôõ÷áßá óöÜëìáôá ± 5 % ôçò ìåôñïýìåíçò ñïÞò

ìÜæáò óêüíçò, Ýíá èåùñçôéêü üñéï êáé ãéá ôá ðåñéóóüôåñá

ñïüìåôñá áëëçëïóõó÷Ýôéóçò.

Ç rms ôéìÞ ôïõ ac èïñýâïõ ñïÞò, x(t), åßíáé:

(5.1)

Ãéá ìéá åñãïäéêÞ äéåñãáóßá [8]:

(5.2)
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Ó÷. 4. ÄéÜãñáììá âáèìßäùí óõóôÞìáôïò ìÝôñçóçò.

Fig. 4. Measuring system block diagram.

Ó÷. 5. ÓõíÜñôçóç ìåôáöïñÜò óõóôÞìáôïò ìÝôñçóçò.

Fig. 5. Measuring system transfer function.

Ó÷. 6. Ãåùìåôñßá - åãêáôÜóôáóç áéóèçôÞñùí.

Fig. 6. Flow sensor geometry-installation.

Ó÷. 8. Åõáéóèçóßá áéóèçôÞñá-åðéöáíåßáò ôïõ.

Fig. 8. Sensor sensitivity v.s. sensor sensing area.

Ó÷.7. Rms êáôáãñáöÝò çëåêôñïóôáôéêïý èïñýâïõ.

Fig.7. Sensor flow noise rms value recordings.



üðïõ Rx(0) = ç áëëçëïóõó÷Ýôéóç ôçò x(t) óå ô = 0, äçëáäÞ

ìçäåíéêÞ ÷ñïíéêÞ êáèõóôÝñçóç,

Gx(f) = öÜóìá éó÷ýïò ôçò x(t),

ó = óõíïëéêÞ éó÷ýò èïñýâïõ óÞìáôïò ñïÞò.

O ìåôñçôÞò ñïÞò ìÜæáò äéáêñéâþíåôáé ìå ôç ìÝèïäï åëåý-

èåñçò ñïÞò áðï áíïéêôü óôüìéï óùëÞíá, ìå ôá÷ýôçôá åêôïîåõü-

ìåíçò óêüíçò ÷ùñßò óùëÞíá= (5.3)

(üðïõ x, y: ïé óõíôåôáãìÝíåò ôñï÷éÜò ôïõ åëåýèåñïõ ñåýìáôïò

óêüíçò) Þ åíáëëáêôéêÜ ìå æýãéóç.

6. ÔÑÏÖÏÄÏÔÇÓ ÓÊÏÍÇÓ - ÓÔÏÉ×ÅÉÁ
ÅËÅÃ×ÏÕ

Ùò áêñïöýóéï (ôñïöïäüôçò óêüíçò) ÷ñçóéìïðïéåßôáé áõôü

ôïõ áíÜóôñïöïõ êþíïõ [15] ëüãù ôçò áðëüôçôÜò ôïõ (ó÷. 11).

Ï ôñïöïäüôçò óêüíçò åßíáé ôï ðéï åõáßóèçôï åîÜñôçìá ôïõ

óõóôÞìáôïò ôçò ñåõóôïðïéçìÝíçò êëßíçò. Áíáìéãíýåé ôï áÝñéï

ìå ôç óêüíç óå óõãêåêñéìÝíï ëüãï êáé ôï ìåôáöÝñåé (õðü

Ýëåã÷ï ðßåóçò) êáôÜ ìÞêïò ôïõ óùëÞíá ôñïöïäïóßáò. Åìðï-

ñéêÜ äéáèÝóéìá áêñïöýóéá óõìðåñéëáìâÜíïõí ìéá ÷ïÜíç-

áðïèÞêç óêüíçò [12]. Åßíáé ãåíéêÜ ðñïôéìüôåñï íá ìåôáâëç-

èåß ç ôñïöïäïóßá óêüíçò ãéá äåäïìÝíç ñïÞ áÝñá, ÷ùñßò íá

ìåôáâëçèïýí Üëëåò ñõèìßóåéò. Ï ôñïöïäüôçò óêüíçò ôçò

ñåõóôïðïéçìÝíçò êëßíçò åßíáé ìßá óõóêåõÞ 2 åéóüäùí / 2 åîüäùí,

ìå ìåôáâëçôÝò åéóüäïõ / åëÝã÷ïõ ôçò äéåñãáóßáò, ôéò:

A1 = ñïÞ áÝñá äéÝãåñóçò ôçò êëßíçò,

A2 = ñïÞ áÝñá ìåôáöïñÜò óêüíçò.

Ïé áëëçëåðéäñÜóåéò ìåôáîý åéóüäùí-åîüäùí (óõæåýîåéò)

äßíïíôáé óôï ó÷. 12. ÊáôÜ ôç ìïíôåëïðïßçóç ôçò êëßíçò åêôå-

ëåßôáé áíïéêôïý âñü÷ïõ áíÜëõóç ãéá êÜèå õðïóýóôçìá, ÷ñçóé-

ìïðïéþíôáò ôå÷íéêÝò áíáãíþñéóçò óõóôçìÜôùí. Ìéá âçìáôéêÞ

ðáñåíü÷ëçóç óå êÜèå åßóïäï (äéáôçñþíôáò üëåò ôéò õðüëïéðåò

óôáèåñÝò) áðïêáëýðôåé ôï óýóôçìá, ðáñÜãïíôáò óå üëåò ôéò

åîüäïõò ôçò äéåñãáóßáò ìéá âçìáôéêÞ áðüêñéóç.

Ç äéåñãáóßá ìåëåôÜôáé óôéò ôõðéêÝò ëåéôïõñãéêÝò óõíèÞêåò

0-100 g/min óå 9.44±15.104 l/min. Ïé áíïéêôïý âñü÷ïõ

âçìáôéêÝò áðïêñßóåéò ôïõ ôñïöïäüôç óêüíçò äßíïõí: 

(6.2)

Ç âçìáôéêÞ áðüêñéóç ôçò ðíåõìáôéêÞò âÜííáò åëÝã÷ïõ

ñïÞò, óôéò óõíèÞêåò ôçò ñåõóôïðïéçìÝíçò êëßíçò (ó÷. 13), äßíåé

óõíáñôÞóåéò ìåôáöïñÜò áíïéêôïý âñü÷ïõ ôùí âáííþí åëÝã÷ïõ

ôçò ñïÞò áÝñá A1 êáé A2:

êáé (6.3)

Ïé ÷ñïíéêÝò óôáèåñÝò óõíÜãïíôáé áðü ôéò êáìðýëåò

âçìáôéêÞò áðüêñéóçò. Tï êÝñäïò ôçò âÜííáò õðïëïãßæåôáé áðü

ôïí ôýðï äéáóôïëüãçóçò ôçò âÜííáò. 

7. ÌÅÌÅ (SISO) Ó×ÇÌÁ EËÅÃ×ÏÕ ÑÏÇÓ
ÊËÅÉÓÔÏÕ ÂÑÏ×ÏÕ

Ôï óýóôçìá åëÝã÷ïõ ìå áíÜäñáóç êáé ìå Ìßá Åßóïäï-Ìßá

¸îïäï (ÌÅÌÅ) ïäçãåß óôï ìïíôÝëï ôïõ äéáãñÜììáôïò âáèìß-

äùí ôùí óõíáñôÞóåùí ìåôáöïñÜò ôïõ ó÷. 14.

Ìüíïí ç ñïÞ V1 ìåëåôÜôáé åäþ, áöïý ç óçìáíôéêüôçôá ôçò

V2 åßíáé äåõôåñåýïõóá óôçí ðñïóðÜèåéá íá äéáôçñçèåß óôáèåñÞ

ñïÞ ìÜæáò. ÂçìáôéêÞ ìåôáâïëÞ óôçí Ýîïäï ôïõ åëåãêôÞ äßíåé

ôç V1 óôï ÷ñüíï. Ç óõíáãüìåíç óõíÜñôçóç ìåôáöïñÜò ôïõ ôñï-

öïäüôç óêüíçò Ý÷åé ôç ìïñöÞ:

(7.1)

üðïõ Kp = ôï êÝñäïò ôçò äéåñãáóßáò = 10.5

Td = ç ÷ñïíéêÞ êáèõóôÝñçóç = 2 s

ô = óçìáíôéêüôåñç ÷ñïíéêÞ óôáèåñÜ = 13 s

Ç ñýèìéóç ôùí åëåãêôþí ãßíåôáé [28] ìå ôéò êëáóéêÝò ìåèü-

äïõò (äçëáäÞ åëÜ÷éóôï offset, ôá÷ýôáôç áðüêñéóç ìå åëÜ÷éóôç

áíåêôÞ õðåñáêüíôéóç). Ç ÷ñïíéêÞ êáèõóôÝñçóç ôçò âÜííáò

åëÝã÷ïõ óõãêñéíüìåíç ìå ôç ÷ñïíéêÞ óôáèåñÜ ôçò äéåñãáóßáò

åßíáé:

ôâÜííáò = 3.5 s < ô = 13 s (7.2)

Ñýèìéóç ôïõ PID åëåãêôÞ, ãéá áíáëïãéêÞ, ïëïêëçñùôéêÞ

êáé äéáöïñéêÞ (PID) äñÜóç åëÝã÷ïõ [28] äßíåé:

áíáëïãéêü êÝñäïò = Kc = 65.3

÷ñüíï ïëïêëÞñùóçò = i = 4.6 s (7.3)

÷ñüíï äéáöüñéóçò = D = 0.7 s 

Ïé áðïêñßóåéò êëåéóôïý âñü÷ïõ (ó÷. 15) ãéá:

(i) âçìáôéêÞ ìåôáâïëÞ óôç V1 äéáôçñþíôáò ôï öïñôßï A2

óôáèåñü,

(ii) âçìáôéêÞ ìåôáâïëÞ óôï öïñôßï A2.

Óôï ÌÅÌÅ ó÷Þìá åëÝã÷ïõ áðáéôïýíôáé ìüíïí Ýíá ñïüìå-

ôñï êáé Ýíáò åëåãêôÞò, Üñá åßíáé áðëïýóôåñï êáé ÷áìçëüôå-

ñïõ êüóôïõò áðü ôï ÐÅÐÅ ó÷Þìá åëÝã÷ïõ.

8. ÐÅÐÅ Ó×ÇÌÁ ÅËÅÃ×ÏÕ ÑÏÇÓ 
ÊËÅÉÓÔÏÕ ÂÑÏ×ÏÕ

Óôï ó÷Þìá åëÝã÷ïõ Ðïëëþí Åéóüäùí-Ðïëëþí Åîüäùí

(ÐÅÐÅ, ÌÉÌÏ) ç ñåõóôïðïéçìÝíç êëßíç áõôïìáôïðïéåßôáé ìå

äýï âÜííåò åëÝã÷ïõ ñïÞò óôï êýñéï (Á1) êáé äåõôåñåýïí (Á2)

ñåýìá áÝñá, ìå óêïðü íá åëåã÷èïýí ç ñïÞ ìÜæáò óôï áêñïöý-

óéï êáé ç ôá÷ýôçôÜ ôçò áíôßóôïé÷á óôï óùëÞíá ìåôáöïñÜò.

Ôï äéÜãñáììá âáèìßäùí ôïõ ó÷Þìáôïò åëÝã÷ïõ êëåéóôïý
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Ó÷. 9. Êáìðýëåò äéáêñßâùóçò ñïÞò ìÜæáò øåêáóìïý óêüíçò.

Fig. 9. Calibration characteristics of mass-flow.

Ó÷. 11. Ôñïöïäüôçò óêüíçò áíÜóôñïöïõ êþíïõ.

Fig. 11. Inverted cone powder feeder [12].

Ó÷. 12. ÓõíÜñôçóç ìåôáöïñÜò óõóôÞìáôïò.

Fig. 12 Open loop system transfer function.

Ó÷. 13. ÂçìáôéêÞ áðüêñéóç âÜííáò åëÝã÷ïõ ñïÞò áÝñá.

Fig. 13. Step response of pneumatic valve air flow control.

Ó÷. 10. Áðüêñéóç áéóèçôÞñá áêñïöõóßïõ ùò rms ñïïìÝôñïõ ìÜæáò.

Fig. 10. Nozzle-sensor response as rms mass flowmeter.

V1 (s) = G11(s).A1 + G12(s).A2

V2(s) = G21(s).A1 + G22(s).A2 (6.1)
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Ó÷. 14. ÌÅÌÅ Ìïíôåëïðïßçóç ÓõóôÞìáôïò ÅëÝã÷ïõ.

Fig. 14. SISO Modelling of Control System.

Ó÷. 15. PID Ýëåã÷ïò åíüò ÌÅÌÅ (SISO) óõóôÞìáôïò åëÝã÷ïõ

êëßíçò

Fig. 15. SISO PID control of fluidized bed.

Ó÷. 17. (2x2) äéáãñÜììáôá Nyquist áíïéêôïý âñü÷ïõ ÐÅÐÅ

ó÷Þìáôïò åëÝã÷ïõ êëßíçò.

Fig. 17. MIMO open loop Nyquist diagrams of fluidized bed�s mul-

tivariable control.

Ó÷. 16. ÄéÜãñáììá âáèìßäùí åëÝã÷ïõ êëåéóôïý âñü÷ïõ óõóôÞìáôïò êëßíçò.

Fig. 16. Block diagram of fluidized bed�s closed loop control.



âñü÷ïõ ìå äýï åéóüäïõò êáé äýï åîüäïõò äßíåôáé óôï ó÷. 16.

Äåí õðÜñ÷åé áìöéâïëßá üôé ôï ÌÅÌÅ (SISO) ó÷Þìá åëÝã÷ïõ

åßíáé åðáñêÝò ãéá ôéò ëåéôïõñãéêÝò óõíèÞêåò, áëëÜ Ýíá ðïëõ-

ìåôáâëçôü ó÷Þìá äßíåé êáëýôåñç ñýèìéóç ôùí V1, V2. ÔÝôïéï

ÐÅÐÅ (ÌIMO) ó÷Þìá åëÝã÷ïõ éêáíïðïéåß ôç ãåíéêüôåñç ðåñß-

ðôùóç ôçò ñïÞò ðïéêßëùí óùìáôéäßùí óêüíçò óå äéáöïñåôéêÝò

äéáìÝôñïõò óùëÞíùí êáé óõíèÞêåò êëßíçò êáé ìåôáöïñÜò.

×ñçóéìïðïéÞèçêáí [25] ôå÷íéêÝò ó÷åäßáóçò êáé áðïôå-

ëÝóìáôá ðïëõìåôáâëçôïý åëÝã÷ïõ êáé ðñïóïìïßùóçò ìå

õðïëïãéóôÞ. Ç óõíÜñôçóç ìåôáöïñÜò ôïõ óõóôÞìáôïò, ó÷Ýóç

[5.2], Ý÷åé Ýíá óçìáíôéêü üñï G11(s) Ýíôïíá äåýôåñçò ôÜîçò,

ìéá êáèáñÞ ÷ñïíéêÞ êáèõóôÝñçóç G21(s), åíþ ïé G12(s) êáé

G22(s) ðáñïõóéÜæïõí óõìðåñéöïñÜ ðñþôçò ôÜîçò. Ï üñïò

óçìáíôéêÞò ÷ñïíéêÞò êáèõóôÝñçóçò G21(s) ôáëáíôþíåé ðåñß

ôçí áñ÷Þ ãéá áýîïõóá óõ÷íüôçôá. Ðñïóïìïßùóç ìå ôï ðáêÝôï

ëïãéóìéêïý ôïõ UMIST (25), CAIAD (Computer-Aided

Control Design) óå PDP-11 äßíåé ôá ðïëõìåôáâëçôÜ (2x2)

äéáãñÜììáôá Nyquist ôïõ óõíäõáóìïý âáííþí êáé äéåñãáóßáò

ãéá áíïéêôü âñü÷ï (ó÷. 17). H óýæåõîç åéóüäùí-åîüäùí åßíáé

áóèåíÞò ìåôáîý Á1/V2 êáé Á2/V1 êáé ç ó÷åäßáóç ôïõ åëåãêôÞ

äåí áðáéôåß ðñïáíôéóôáèìéóôÞ (pre-compensator).

Ãéá íá Ý÷ïõìå éêáíïðïéçôéêÞ óôáôéêÞ áêñßâåéá (steady

state accuracy), Ýíáò êëåéóôïý âñü÷ïõ åëåãêôÞò ôýðïõ ÑÉ åöáñ-

ìüæåôáé êáé ôá áðïôåëÝóìáôá äßíïíôáé óôï ó÷. 18, åíþ ôï

ôåëéêÜ åðéëå÷èÝí ÐÅÐÅ ó÷Þìá åëÝã÷ïõ äßíåôáé óôï ó÷. 19. Ç

áðüêñéóç ãéá ÐÅÐÅ ÑÉ åëåãêôÞ äåß÷íåé ðåñáéôÝñù âåëôßùóç óå

ó÷Ýóç ìå ôç ÌÅÌÅ áðüêñéóç.

9. ÓÕÌÐÅÑÁÓÌÁÔÁ

Óôçí ðáñïýóá åñãáóßá ó÷åäéÜóôçêáí êáé ìåëåôÞèçêáí:

1. ðñùôüôõðïé ìåôñçôÝò äéöáóéêÞò ñïÞò êáé ñïÞò ìÜæáò

óêüíçò óå ñåõóôïðïéçìÝíç êëßíç,

2. ðáñÜìåôñïé ëåéôïõñãßáò ôçò êëßíçò,

3. ðïëõìåôáâëçôïß åëåãêôÝò ãéá ôçí ÐÅÐÅ (êáé ÌÅÌÅ)

ðåñßðôùóç ãéá óýóôçìá ñåõóôïðïéçìÝíçò êëßíçò êáôÜë-

ëçëï ãéá ôñïöïäïóßá óêüíçò,

4. ç åõóôÜèåéá ôùí åëåãêôþí óå áíïéêôü /êëåéóôü âñü÷ï.

Ïé åíäïãåíåßò ðïëõðëïêüôçôåò ôçò äéöáóéêÞò ñïÞò, áðïôå-

ëïýìåíçò áðü ðõêíÝò êáé áñáéÝò óõãêåíôñþóåéò óêüíçò, êáèé-

óôïýí ôéò ðáñáìÝôñïõò ôïõ ìïíôÝëïõ, Üñá êáé ôï âáèìü åõóôÜ-

èåéáò ôïõ åëÝã÷ïõ åîáñôþìåíïõò áðü ôçí ïìïãåíïðïßçóç ôïõ

ñåõóôïý, ôç ó÷åäßáóç êáé ôçí êáôáóêåõÞ ôçò êëßíçò. Ðñïôåß-

íåôáé ðåñáéôÝñù Ýñåõíá óôçí ïéêïíïìßá êáôáíÜëùóçò éó÷ýïò

ðåðéåóìÝíïõ áÝñá óôçí êëßíç.
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Abstract

A powder feeder consisting of a fluidized bed rig and transfer nozzle

was modeled. A multiphase mass flowmeter was designed and

calibrated. The system�s transfer function and the MIMO closed loop

control response comprised the multivariable controller model.

Theoretical modeling was simulated by a computer and experimental

rig results were obtained to describe the partial and the overall

fluidized bed response.

INTRODUCTION

Fluidized beds are used for transport, packaging, surface

treatment and hardening, cooling or heating in the

pharmaceutical and aromatics, glass, cement, alumina

industries and coal dust burners. This paper studies by

simulation and experimental techniques, the following:

a. powder feed and transport

b. novel flow and mass flowmeter

c. sensor, process and actuator modeling

d. SISO / MIMO flow and mass control

e. decoupling and states interactions.

A fluidized bed was designed (see fig. 1) and its specifica-

tions are given in Table 1. Fluidized bed and nozzle of the

inverted cone type, (see fig. 11), characteristics are presented

(see fig. 2 and fig. 3). 

The main (input/output) states are:

h = fluidized bed level

V1 = nozzle powder velocity

V2 = powder velocity at transport pipe

A1 = air flow rate at the agitation grid

A2 = air flow rate to transport solids

ÄP1 = filter-grid pressure drop 

ÄP2 = nozzle pressure drop

W = bed loading (total powder mass in bed).

Ôo sustain flow through the nozzle, we should have

ÄP1>ÄP2. The mechanical and aerodynamic design or

selection of nozzle is critical.

A cross-correlation measuring scheme (fig. 4) and its

transfer function (fig. 5) with electrostatic flow noise sensors

(fig. 6) are presented. Rms values of electrostatic sensors flow

noise are related to mass flow rate (fig. 7). An increase in mass

flow rate increases the rms level of the electrostatic flow

signal. The mass flowmeter was calibrated by projectile (free

stream, where the velocity is given as or

absolute weighing methods.

An 8-bit microcomputer performed flow velocity, mass

flow and sensor signal processing. Sensor sensitivity and

sensing area is related to sensor geometry (fig. 8), while

sensor-nozzle calibrating curves are experimentally derived

(fig. 9, 10).

The paper presents the methodology for designing two-

phase fluid flowmeters and true mass flowmeters, to study

further the fluidized bed operation and to design SISO and

MIMO mass flow controllers and study their stability.

Flow model inaccuracies, parameter uncertainties and

external disturbances lead to the need for better understanding

of control and fluidized bed mechanical design and

implementation (i.e. nozzle, fluidized bed, transfer pipe-lines,

etc). Modern instrumentation and control needs simple and

robust sensors for product quality and safety. The electrostatic

flow noise sensors give sufficient and correlated flow and mass

flow information for both accurate and repeatable flow

velocity and mass flow measurement for computer control.

Powder that is recycled, tends to be excessively charged,

driving the sensing amplifiers to saturation, flow information

reduction and poorer repeatability. The sensing mechanism

depends on:

g x y. .2 2
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a. powder particle size and shape

b. powder nature and state

c. internal surface of pipe walls.

Different flow regimes, operating conditions, bed humidity

and temperature were studied. It is concluded that the sensing

area of the electrostatic cross-correlation flow sensor was

inversely proportional to the flow signal spectrum and

proportional to the rms level of the flow signal, while the rms

level of the flow signal depends on the powder mass flow rate

and the electrostatic flow signal spectrum is independent of the

mass flow for constant powder speed and sensor geometry.

The generalized (2x2) transfer function of the open loop

system is given in fig. 12, i.e. the dust feeder is a 2 input / 2

output device, with state variables A1 and A2. 

By step response tests on the actuators (see fig. 13) and

mainly on the process and powder feeder, we identified the

system as a multivariable one. The open loop step response for

dust feeder gave:

The fluidized bed process model consists of two first order

terms, one second order term and a pure time delay term.

The transfer function of the powder feeding nozzle is:

with Kp the process gain, Td the delay time and ô the dominant

time constant. 

We attempted SISO fluidized bed process PID control (see

fig. 14, 15) and MIMO fluidized bed process PID control (see

fig. 16, 18 and 19). 

PID tuning optimizes the performance for minimal time

response, under slight acceptable overshooting. Step response

tests of V1 and/or A2 assist the controller tuning process in the

closed loop.

In SISO control an electrostatic flow noise cross-

correlation is used (and just one controller), while in MIMO

control two electrostatic flow noise cross-correlation (and two

controllers) are used. A two dimensional array of electrostatic

flow noise cross-correlation sensors monitor two dimensional

flow profiles, with special cooling applications in the glass

industry.

In fig. 17 the process multivariable (2 x2) Nyquist diagram

is given with obvious decoupling conclusions on transport air

and transported mass interactions.

Multivariable (MIMO) control achieves more effective

fluidized bed control, and satisfies even rigs with different (or

a mixture of) powders, varying environmental conditions, and

transport pipe sizes for circulation. In industrial control

environments, variations in the system parameters result in

sensitivity of control schemes. Future studies of the fluid bed

control scheme robustness and the operational power

dissipation need to be made.G s
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