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ABS TRACT 

P u l se - j e t c le aned f abric f i l te r s  are be i ng uti l i z ed to 

f i lter dust f r om particulate laden gas s t r e ams. The pu l s e ­

j e t fabric f i lte r  cons i s ts of a res ervo i r , a so l eno id va lve , 

a late r a l  p ipe and a ventu r i /bag . The c omp r e s s e d  air i s  

r e leased per iodica l ly through a s o lenoid va lve and f i l l s  the 

lateral p ipe . Then h i gh ve loc i ty a i r  is e j ec ted f rom a 

s e r i e s  of o r i f ices o n  the lateral pipe . As a r e sult , the 

bag i s  rapidly inf lated and dust is d i s lodged f rom the bag . 

A predict ive mode l for the pu l s e  pres sure i n  a pul s e ­

j e t f ab r ic f i lter h a s  been developed . Two typ e s  of mode l s  

are pres ented : S imp lif ied S tatic Mode l and Dynamic Mode l . 

The S imp l i f i ed S tatic Model treats the system as a 

s e r i e s  of sphe r ic a l  tanks in which the p r e s sure deve lops 

uni formly thr oughout each tan k . E ach tank in s e r i e s  i s  

connected by a va lve. The ma s s  balanc e equa tion is app l i ed 

for the system and s o lved nume r ic a l ly . S e ns i t iv i ty analy s i s  

has been c onducted to evaluate the e f fect o f  conf igur ations 

and ope rating parame t e r s. 

The dynamic mode l i s  de ve l oped to predict the loc a l  

p r e s s ur e  deve loped i n  the system. The reservo i r / lateral 

sys tem i s  c on s id e red as a simp le shock tube and the theory 

of a s imp le shock tube i s  app lied to the system to predic t 

the m ax imum pressure deve loped in the late r a l. The max imum 

i i i  



pressure developed at the entry of the bag is predicted 

based on the velocity of injected air. The pressure 

developed at the top of the bag dissipates along the bag due 

to the permeation of air mass through the bag surface. The 

mass balance equation is applied to the mass of air 

traveling along the bag. Empirical corrections are applied 

to the dynamic model due to the complexity of the 

theoretical treatment. The empirical correction factors 

introduced are the friction coefficient in the lateral, 

pressure losses at the bag entrance, and the permeability of 

the bags. 

The proposed models can be employed to assist in the 

design of the pulse-jet fabric filter, to understand the 

behavior of the system, and to predict the performance due 

to the change of an operating condition. 
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CHAPTER I 

INTRODUCTION 

A .  Statement of the P rob lem 

In recent year s, becaus e  of increasing concern about 

visibil i ty and acid rain, more s t r ingent emi s s ion cont r o l  

standards (Clean A i r  Act and New Source Performance 

Standards, 1 977) have been introduc ed . Thi s  regulat ion has 

led the uti l i ty industry to use high efficiency emi s s ion 

control device s . Currently, fabric filters and 

e lectro s tatic prec ipitators (ESP) are the only c ontro l 

devices that are ab le to provide sufficient c o l l ect ion 

effic iency to meet the s tandard fo r part i cu late emis s ions . 

At present, fabric f i l te r s  are the prefe rred cho ice over ESP 

by the uti l i ty indu stry because of ( 1) increas ing use of low 

sulfur coa l s  which generat e  high r e s i s tivity fly ashes 

(fabric fi lters are re lative ly insensi tive to the 

characte r i s t ic s  of fly ash compared to ESP) , (2) its 

abi l i ty to handle a wide range of particulate s i z e s, and 

( 3 ) recent progress in de s i gn and operat i on . 

Fabric fi lte r s  are usually c la s s ified into three typ e s  

(shaker, reve r se-ai r and pulse -je t) depending o n  the dus t  

dis lodgement method employed . Among them, pul s e -jet fabric 

fi lters have the potential of being one of the mo st 

promis ing techno logies fo r co llection of particu late matter 
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bec ause th ey can b e  oper ated at a h igh er air- to- c loth r atio 

th an mor e  conventional f abr ic fi lters. This r esults in 

uni ts whi ch ar e sm a l ler i n  siz e and m or e  economi c a l  to 

b ui ld. 

A lth ough puls e- j et f abri c fi lters h ave b een wide ly us ed 

in vari ous i ndus tries, li ttle is k now n ab out th e physi cal 

c leaning mech anism o f  puls e- j et f abri c fi l ters. Th e 

experience wi th puls e- j et fabri c fi l ters acquir ed i n  a 

sm a l l-s c ale i ndus try c annot b e  app lied dir ectly to th e 

puls e- j et f abri c fi l ters us ed f or th e pub li c uti li ty 

indus try. F or exam p le, i n  th e m ode ls for pr edicting th e 

pr essur e dr op in i ndus tri a l-siz e puls e- jet f abri c fi lters, 

i t  is us ually assum ed th at th e pr essur e  w ave tr ave ls r apidly 

and develops s tati c  pr ess ur e  inside th e b ag ins tantaneous ly. 

Th erefor e, th e for c e  acti ng on th e b ag/dus t is uni form 

thr ough out th e b ag. As a r esult, th e dus t is dis lodged 

uni f orm ly. This is not th e c as e  for uti li ty-siz e puls e- j et 

f abric fi lters wh er e  th e fi lter b ags m ay b e  9 to 15 feet i n  

length. Pr e liminary l ab or atory i nves tig ations h ave sh ow n  

th at th e m aximum pr ess ur e  at th e b ottom of th e b ag w as 

typi c a l ly only 20% of th e value at th e top, i ndi c ati ng th at 

a si gni fi c ant part of th e total energy of th e pr ess ur e  w ave 

h ad b een los t  prior to r e achi ng th e b ottom of th e b ag. 

Gi ven th es e cir cums tances, this r esear ch w as carri ed 

out in order to identi fy and q uanti fy th e ph ysic a l  

m ech anisms ass oci ated wi th puls e- jet f abri c fi lter cleani ng 
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and to develop the bas i c  s teps for a predi ct ive model which 

can be used for des igning pulse-jet f abric fi lter s . 

B. Overview o f  the Pulse-Jet Fabric F i lter 

Pul se-jet c leaned f abric f i lter s are bei ng uti l i z ed to 

fi lter dus t f rom particulate laden gas streams . A typical 

pulse-jet fabric f i lter i s  shown in F igure 1.1. 

In this f i gure, dirty air i s  usua lly introduced f rom 

the bottom . Dus t  i s  co llected o n  the exterior o f  the 

cylindr i c a l  b ag, and c lean air exi t s  f rom the out let at the 

top o f  the system . The dust depos i ted on the bag i s  

periodic a l ly dis lodged b y  uti li z ing a pulse jet . The 

compressed a i r  s tored in the tank (typically 100 p s i ) is 

released every several m inutes through a s o lenoid v alve . The 

dur ation of the pulse i s  typically 100 ms. Thi s  relea sed a i r  

f i l l s  the lateral pipe , and high veloc ity air i s  ej ected 

f rom a series of orif ices (typically 3 /8" in diameter ) 

loc ated at a cert ain d i stance (typi c a lly 4") fr om the top 

of the bag . The jet f low creates a low pres sure zone and 

transfers momentum to the surrounding fluid, thereby 

induc ing s econdary f low (Bakke, 1974). The pressure of the 

air j et i s  recovered by a venturi placed at the top of the 

bag . Pres s ure waves created by the a i r  mas s  tr avel down the 

bag at sonic veloc ities and tran sfer energy to the 

f abric /dust . The f abric/dust attains a certain outward 

velocity . However, the fabric mus t  come back to i t s  

3 
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original position so that dus t  is relea sed from the bag . 

This is accomp lished with the help of outward air flow. 

The pulse jet f abric filter system involves two main 

proces se s . These processes are dust dis lodgment and 

filtration . The effectivenes s  of these processes are 

considered in terms of the pres sure drop acros s the bag and 

penetration of the dus t , respectively . These proces ses are 

governed by oper ating conditions and charac teristics of the 

system configur ation inc luding filtration velocity , pulse 

intensity, volume of b aghouse, and the dis t ance between the 

orifice a nd the venturi . A comp lete list o f  these 

parameters is given in Table 1. 1. The objec tive of this 

study is to quantify the extent to which many of these 

parameters af fect the operation of the pulse-jet fabric 

filter . 
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Tabl e  1. 1. Paramet e r s  t hat af fect sy st em performance . 

A .  Oper at ing Condit ions 

a .  Pul s e  charact er i st ic s  
• c omp r e s s ed a i r  pres sure 

valve ope ning t ime 
• vo lu me o f  j et a i r  f low 
• pul s e  i nt erval 
• pu l s e  dur at ion 
. pul s e  rise r at e  

b .  F low charact er i st ic s  
. f i lt r at ion ve locity 
. upw ard f low ve locity 
• gas t empe r at ure 
• humidity 
• corros ive c ompo nent s  in gas 

c .  Dust Charact er i st i c s  
. part ic le s i z e d i st r ibut i on 
• inlet concent r at ion 
. e lect ro st at i c charges 
• agg lome r at ion charact e r i st i c s  
• st icky, hy droscopic, corros ive 

d. Ot he r s  

B. Sy st em Conf i gurat ion 

• vo lume of r e s e rvo i r  t ank 
• va lve diamet er 
• a lat er a l  pipe diamet er 
• a l at er a l  pipe l engt h  
• diamet er o f  o r i f ice 
. d i st ance betw een o r if ice and t op of t he bag 
. a l ignment of o r i f ice 
• d ime n sion o f  vent ur i  
• diamet er and lengt h  o f  a bag 
. f abric ty pe 
. hei ght of a baghouse 
. vo lum e  o f  a baghou s e 
. inlet locat i on (t op or b ott om ) 
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CHAPTER II 

REVIEW OF THE LITERATURE 

A. Pulse-Jet Fabric Filter 

There are two major areas of interest in determining 

the performance of pulse-jet fabric filters. One area is 

the efficiency of the system which focuses on the dust 

collection process. The other is the pressure drop of the 

system which is affected by the dust dislodgment process. 

The area of efficiency goes beyond the scope of this study. 

On the other hand, the subject of the pressure drop will be 

dealt with thoroughly in a later chapter. The following is 

a review of the literature related to the study of pressure 

drop. 

The historical studies can be classified into two 

areas: macroscopic and microscopic. Early studies (Dennis 

and Silverman, 19 6 2 , Leith and First, 1977 ) are considered 

to be macroscopic. The method of study utilized was a 

"black box" type of approach. The relationship between the 

pressure drop and the parameters involved were determined 

empirically. The pressure drop in each system varied 

depending on a) the operating condition of the system, b) 

the configuration of the system, and c) the characteristics 

of the gas, dust and type of fabric. The combinations of 
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dependent parameters were numerous . Therefore , the 

empiric a l  mode l s  developed were usually system-specific . 

The microscopic s tudies have been conducted to c l arify 

the physica l  proces ses which o ccur within the " b lack box" 

(i . e .  inves tigation o f  the mechanism o f  the dus t  

dis lodgement proces s ) . The findings of these s tudies were 

incorpora ted into macro scopic models (Dennis and Wilder , 

1975, Dennis and Klemn , 1980) 

Also , theoretic a l  studies based o n  the mic roscopic view 

have been conducted to eliminate the dependency o f  the model 

on empirica l  parameters (Dennis , Wilder and Harmo n , 1981, 

and Leith and Ellenbecker , 1981). However ,  these model s  

s till rely o n  the experimental data to determine the f ac t o r s  

derived f r om the theo ry . 

There are severa l  microscopic s tudies that are focused 

on the specific parameter s such as pulse charac teristics 

(Leith , Fir s t  and Gibson , 1978), and the magnitude of the 

pulse pressure exerted a long the bag (Humphries and Madden , 

1981 and 1983). 

The models mentioned above are summarized below in 

detail . Dennis and Silverman (1962) pr opo sed the fo l lowing 

empiric al model . 

�P (inch H2o)= 1.1 + (3.8 c.0•25)/(P 2 f 0•5;100) 
� c c 

where: 

8 
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AP = pressure drop (inch H
2

o) 

c. � 
= dust loading (1-14 grains/ft

3 
I fly ash) 

PC 
= compressed air (60-120 psig) 

f
c 

= cleaning frequency (1-6 pulses/min/bag) 

The equation applies to a nine-bag, single-compartment, 

sequentially pulsed system using wool felt bags at a 

filtration velocity of 8 .0 ft/min. Although the 

relationship presented may be applicable to other systems, 

the model is still primitive. 

Leith and First (197 7 )  presented the following 

empirical model: 

4P = 2.7 2 

in which 

AW = areal density of the dust deposited 

between pulses (i.e. c.v t, mg/cm2) � 

�p = pressure drop (em of H
2

0) 

c
i 

= inlet dust concentration (mg/cm
3

) 

v = filtration velocity (em/sec) 

t = the time between pulses (sec) 

p
p 

= pulse pressure (atmospheres) 

(2-2) 

The model was developed for fly ash collected on polyester 

bags. 

An extensive study has been conducted by both groups 

(Dennis and Leith) in order to eliminate the weaknesses of 
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the mode l s  pr es sented. B oth gr oups began by look ing into 

the phys i c a l  mechanism of dust dis lodgment . 

Denni s and W i lder (1 975) and Denni s and K lemm (1 980) 

cons ider ed that the bag acceler ation cr eated by the pul se 

p l ayed a ma j or r o le in dust dislodgm ent, and the max imum 

acceler ation of the bag in thi s mode l w as appr ox imated by 

G 

-� 

( 2-3) 

w her e : 

= max imum acce ler ation atta ined by bag ( cm/ sec
2

) 

G = f lex ibi l ity of f abr ic (em/em H
2

o) 

= elasticity of f abr ic (em/ em H
2

o) 

= mass per unit ar ea for the dust laden bag 

( g / cm
2

) 

dP
P 

dt 
= pr es sur e  gr adient (em H

2
o / sec) 

T he equation indicates that the pr e s sur e  r i se r ate i s  

dir ectly r e lated t o  acce ler ation, w hich i s  the main factor 

of dust dis lodgm ent . T hey exper imentally corr e lated the 

pr es sur e  r i se r ate and the effectiv e pr essur e  dr op, and 

dev e loped an empir ic a l  relationship. 

�p
e 

= A  (dP
P

/ dt)
-B 

w her e: 

APe 
= r e s idua l  pr es sur e  dr op (N /m

2
) 

10 
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dP
P = 

dt 

A, B 

pres sure ri se r ate (em H
2

0/ sec) 

= correlati on coeffi ci en ts 

F urther, Denni s, Wi lder an d H a rm on (1 981) redefin ed the 

expre s si on d (P
P

) / dt, w hich i s  usua l ly determin ed 

experim en tal ly, in term s of readi ly determin ed design an d 

operating param eters characterizin g the fi lter sys tem of 

in tere st. T he r ate of pre s sure in crease d (P
P

) / dt w a s  

related t o  the so len oid opening tim e  ( t
s

) '  j et vo lume (v
p

) '  

bag pres sure before pul sing (P
b

) '  en train ed ai r (V
s

) an d bag 

vo 1 um e  ( V 
b 

) • 

dP
P 

v + v p
b p s 

(2-5) = 

dt v
b 

t
s 

T he prim ary jet vo lum e  w a s  calculated on the basi s  of 

the jet f l ow from the ori fi c e  un der c ri ti c a l  f low 

con di ti on s. I t  w as a s sum ed that the secon dary ai r w a s  

propo rti on a l  to the prim ary jet vo lum e . In thi s case, the 

equation (2-5) i s  rew ri tten using readi ly avai lable de si gn 

an d operating param eters. 

�= 
dt 

w he re: 

k = con stan t  

( 2-6) 
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A
j 

= jet nozzle cross section (m
2

) 

Pj,a 
= pulse jet reservoir pressure (kPa) 

Tj,a 
= absolute temperature of compressed air (

O
K) 

p
b 

= bag static pressure before pulsing (kPa) 

v
b 

= bag volume (m
3) 

� = ambient air density (kg/m
3

) 

For an instantaneous pressure drop model for a pulse 

jet fabric filter, Dennis and Klemm (19 8 0) proposed the 

following model: 

AP =APe + (k2
J

c
v we + k2

v. w 

where: 

AP = pressure drop (N/m2) 

APe 
= pressure drop effective (N/m2

) 

(k
2

lc 
= specific resistance coefficient for 

redeposited dust (N-min/g-m) 

V = filtration velocity {m/min) 

{2-7 ) 

k
2 

= specific resistance coefficient (N-min/g-m) 

AW = dust deposited during filtration cycle (g/m2) 

AWe = dust redeposited (g/m2
) 

Although this model describes real physical situations, it 

is difficult to determine the second parameter involving 

redeposited dust. Therefore, the first two terms are 

replaced by equation (2-4) and the instantaneous pressure 

drop is given by the following expression: 

12 



( 2-8 ) 

Leith and Ellenbecker ( 19 8 0 )  developed the pressure 

drop model which describes the physical dust dislodgment 

mechanism. First , they assumed that the fraction of the 

dust deposit removed from the fabric ( E ) is proportional to 

the force acting to separate the dust deposit from the 

fabric ( Fs ) such that 

( 2- 9 ) 

The force acting to separate the dust from the fabric was 

obtained from the impulse necessary to stop the outward 

momentum of the dust deposit and was given by the following 

equation: 

F /A = 
s 

( 2- 10 ) 

The first term on the left expresses the momentum applied by 

the pulse , and the second term expresses the momentum force 

required to stop the outward movement of fabric. In this 

equation , 

Fs/A = area specific force acting to separate the 

dust deposit from its substrate ( N/m2) 

P
s 

= maximum static pressure developed inside the 

bag as the result of the cleaning pulse ( N/m2 ) 

13 



AP = pressure drop across the bag anddust 

deposit (N/m
2 ) 

t
1 

= time during which Ps acts (sec) 

t
2 

= time during which Fs acts (sec ) 

* 
V = maximum velocity achieved by fabric 

and dust cleaning (m/sec ) 

W
b 

= areal density of fabric (kg/m2 ) 

Combining equation (2-9 ) and (2-10 ) , 

E 
(Ps 

= 

= k (P 3 s 

* 
- AP ) t1 k v wb k 

t
2 

t
2 

-4P )  - k4 (2- 11 ) 

Here , k3 and k4 are determined experimentally for the system 

of interest due to the difficulty of estimating t
1 and t

2
. 

The mass balance equation for the dust mass per unit 

area on a bag was written for one filtration cycle, dN, 

which includes by definition exactly one cleaning pulse as 

follows: 

Additional areal 
density due to 
dust added to the 
bag per cycle 

w 0 

Decrease in areal 
density due to 
dust removed from 
the bag per cycle 

W·E 

14 

= 

Accumlation of 
areal density on 
the bag per cycle 

dW 

dN 

(2- 12 ) 



While models for the pressure drop across a fabric are 

generally written as follows: 

( 2- 13 )  

where: 

AP = pressure drop ( N/m2J 

k
1 

= fabric resistance constant ( N/m
3 

sec) 

k
2 

= specific resistance of dust deposit ( 1/sec) 

V = filtration velocity ( m/sec ) 

W = areal density of dust deposit ( k g/m2
) 

Equations ( 2- 11 ) and ( 2- 13 )  are inserted into ( 2- 12 ) and 

solved for an equilibrium condition. The pressure drop 

equation was given as: 

2 ( Ps 
- k4Jk3 - k1 V )  - 4W

0 
v k

2
Jk3 

2 
( 2- 14 ) 

The equation presented describes the system behavior fairly 

well. It allows prediction of operating conditions under 

which filter operation will become unstable and causes 

pressure drop to increase without limit. 

In addition, Ellenbecker and Leith ( 19 81 )  conducted an 

experiment to determine the fraction of dust removed by the 

pulse. They found that the fraction of dust deposit removed 
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f r om the bag corre lated mo s t  c l o s e ly with the dust depo s i t  

kine tic ene rgy acquired. 

E = 0. 2 2  E k 

wher e: 
1 

v 2.w E k 
= 

2 c 

V c 
= maximum veloc i ty during c leaning (m/ sec ) 

W = dus t  depos i t  a r e a l  den s i ty ( kg /m2 ) 

( 2 - 1 5 ) 

K i ngel and Laff e r  ( 1 9 8 3 )  directly uti l i z ed the Darcy 

equation for the pre s sure drop through the dus t ca ke instead 

o f  r e lying on the exper imental data. The p r e s sure drop 

equation c an be written a s: 

L 1 
.o.P = ).1 V + J.l c v 2 t � 

( 1  - E )  B o  

whe re: 

AP = pr e s sure drop ( N / m2 ) 

..u = dynamic ga s viscos ity (N s e c /m 2 ) 

L = thic kne s s  o f  the f ilter l ayer (m ) 

E = poros i ty o f  the dus t  cake 

c = dus t conce ntration ( g /m3 ) 

� = c o l lection e f f ici ency 

B o  = perme ab i l i ty o f  the f i lter ( m2 ) 

v = f i lt r ation velocity ( m/ h )  

S's 
= s o l id dens i ty ( g /m3 ) 

1 6  
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t = time ( h )  

I t  i s  as sumed tha t the f low is c l a s s i f ied in the low 

Reyno lds reg ions ( Re < 1 )  and the f i l ter cake i s  

incompres s i b le . The thickness of dust c ake wh ich i s  

requi red by the model was di rectly mea sured by a device 

based on the abso rption of x - ray s . I n  this mode l , a lthough 

the number of empirical parameter s have been reduced, some 

p a r ameter s sti l l  have to be determined experimenta l ly . 

Lei th, Fi rst and Gibson ( 1 9 7 8 )  inves tigated the ef fect 

of pul se pattern and conc luded that dust seepage through a 

f abric and exces s ive fabric wear can be minimi zed by 

gr adua l ly reduc ing air pres sure at the end of the c leaning 

pulse instead of us ing the square wave pattern. 

Humphr ies and Madden ( 1 981 ) have mea sured the pul se 

pres sure a long the bag . They found that the peak pressure 

was highest at the top port ion of the bag where neg ative 

pres sures were recorded dur ing the pul s e . They c l a imed that 

the bag is sucked on to its support cage due to this 

negat ive p res sure and c auses mechanical wear of the fabric . 

They recommended use o f  support c ages with much sma l ler mesh 

s i ze than convent ional cages . 

B .  F low Phenomena in the Pulse-Jet Fabric Filter 

I n  the pulse-jet fabric f i lter, the dus t depos ited o n  

the b a g  i s  dis lodged b y  the force of the pulse-jet . When a 
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valve of a pressurized tank is opened , the pressurized air 

flows into the lateral pipe and the air jet is injected into 

the bag from the hole on the lateral pipe. The high 

pressure gas released from the tank expands to the 

atmospheric pressure almost instantaneously through the 

course of the dust dislodgment process. The pressure of the 

flowing gas changes rapidly with time. Also, the air is 

considered to be an ideal and perfect gas. In addition , the 

pulse-jet fabric filter consists of a series of ducts whose 

cross sectional area are constant and the flow properties 

are the same within the cross section. Hence , the type of 

flow that must be dealt with is an unsteady one-dimensional 

flow of a perfect gas. Much useful literature is available 

such as Shapiro (1953), Liepman and Loshko (1960), Owczarek 

(1964), and Zckrow and Hoffman (1977). Fundamentals of Gas 

Dynamics (1964) by Owczarek and Gas Dynamics (1977) by 

Zucrow and Hoffman were referenced extensively in the 

development of the governing equation for unsteady one 

dimensional flow. Table 2.1 is a list of notations used for 

discussion of the flow phenomena in a pulse-jet fabric 

filter. The governing equations for unsteady one 

dimensional flow are discussed in Gas Dynamics (1977) and 

are summarized in Table 2 . 2 .  

These equations shown in Table 2 . 2  are said to be a 

system of three quasi-linear partial differential equations. 

The equation can be classified into three types: hyperbolic, 

18 



Table 2.1. Notation used for discussion of the flow 
phenomena. 

Symbol 

A 

c 

H 

m. 1 

�Q 
m 

t 

T 

u 

u 

M 

p 

a 

X 

J3 

Meaning 

flow cross- sectional area 

the unsteady flow Mach lines 

Fanning friction coefficient 

friction force 

static specific enthalpy 

stagnation specific enthalpy 

mass addition 

heat transfer 

mass flow rate 

specific heat ratio 

time 

absolute static temperature 

velocity of the gas 

velocity of a shock wave relative to the gas 

Mach number 

pressure of the gas 

density of the gas 

speed of sound 

spatial coordinate in flow direction 

combined friction and mass addition term 

in the momentum equation 

E mass addition term in the continuity equation 

1 9  



Table 2.1 .  ( Continued ) 

Symbol 

r 

1 ,2 ,  
etc 

Meaning 

= 1 / (u ± a )  slope of the Mach lines 

combined friction, heat transfer, and mass 

addition term in the energy equation 

subscript of numbers indicate flow regions 

associated with the flow properties 
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Table 2.2. The governing equations for unsteady one 
dimensional flow. 

Continuity Equation: 

�t + u�x + �ux 
= E 

Momentum Equation: 

� ut 
+ � uux + Px 

= � 
Energy Equation: 

2 
Pt + uPx - a ( � t + ufx ) = � 

where: 

1 din' 
E � = -

A dx 

� u 
2 4f 2 

J3 = - [ + � u ( 1-y ) 
2 D 

21 
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parabo l i c  and e lliptic type s . The gove rning equation for 

uns te ady one - dimensional f l ow be longs to the hyp erbo lic 

typ e . The me thod o f  char acteri s t i c s  i s  usua l ly emp loyed to 

s o lve the equations . 

The facto r s  invo lved i n  the equa tions have been 

eva luated for the f l ow condi t ion at the bag and the late r a l  

pipe . The n , the equat ions a r e  s imp l i f i ed unde r seve r a l  

a s s umption s . For the bag , the equations have been 

s imp l i f i ed by a s suming that a lump o f  high pres sure air ma s s  

i s  trave l i ng a long the bag a t  a cons tant ve loc i ty wh i l e  i t  

i s  los ing i t s  mas s  thr ough the permeable bag . For the 

late r a l , the e ntropy is a s su med to be constant . Also , l o s s  

o f  ma s s  and f r i c t ion a r e  cons idered to b e  ins ignif icant . 

Cons equent ly , the equat ions have been r educ ed to a system o f  

qua s i - linear homogeneous p a r t i a l  di f f e rent i a l  equations o f  

the hyp erbo l i c typ e . 

I t  was cons idered that the f low phenomena o f  the 

reservoi r / lateral -pipe sys tem i s  s imi lar to that o f  a shock 

tube . Hence , the the o ry deve loped for a shock tube i s  

app licable t o  the system o f  the reservo i r / lateral-pipe . 

The o r e t i c a l  and exper iment a l  s tud ies on a s imp le shock 

tube have been conduc ted extens ive ly and the theory for a 

s imp le shock tube are we l l  e s tab l i shed . Discuss ions of a 

s imp l e  shock tube can be found in the liter ature ment ioned 

previous ly . The deve lopment of equations to predict the 

pres sure in the shock tube was conduc ted in the f o l lowing 
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section. Fundamental discussions on unsteady one 

dimensional homentropic flow including characteristic and 

compatibility equations for the type of waves generated in 

the lateral such as a simple wave , a centered expansion 

wave , a moving shock wave , and a reflected shock wave from a 

stationary wall can be also found in the literature 

mentioned previously. 

A Simple Shock Tube 

A shock tube is a device in which high-speed transient 

flows are generated by the rupture of a diaphragm 

separating a gas at high pressure from a gas at low 

pressure. The rupture of the diaphragm separating gases at 

different pressures results in the formation of wave a 

pattern as illustrated in Figure 2.1. The wave pattern 

consists of a shock wave moving into the low pressure gas , a 

contact surface , and a centered expansion wave moving into 

high pressure gas. 

Owczarek ( 19 6 4)  derived the set of equations that 

determines the property of regions 2 ,  3 ,  and 5 based on the 

intial condition of region 1 and 4. The Mach number in 

region 3 ( M3 ) is expressed in terms of the initial pressure 

ratio ( P4/P1 ) , speed of sound ratios ( a4/a
1 ) , and the ratio 

of specific heats of the gas ( r1/r4 ) .  The pressure ratio 

across the expansion wave ( P3/P4 ) and the pressure ratio 

across the shock wave ( P
2

!P1 ) are expressed in terms of M3. 
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Fi gur e  2 . 1 .  The shock tub e ( Z ckrow and Hof fman , l9 7 7 ) 
( a )  Flow f i e ld b e f ore th e rupture o f  the 

di aphr agm 
(b ) Flow f ie ld at t ime t 1 after rupture 

of the di aphr agm 
( c ) Pre s sure distrib u tion at time t 
( d ) Wave pattern in the physical p l �ne 
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The equations which relate the states of gas ahead of 

and behind a moving shock wave are obtained as follows: 

2 u 
= (2-2 0 ) 

lS' + 1 

This equation expresses the dimensionless change in the 

speed of the gas across a moving shock wave with the 

function of dimensionless speed of propagation of the shock 

wave relative to the gas ahead of it. 

The pressure ratio across a moving shock wave is also 

obtained as: 

p
2 

2lS" u 
) 2 = 1 + [ ( - 1 ] (2-21) 

p
1 

r + 1 a
1 

Eliminating the shock wave Mach number M
s

=U/a
1 

from these 

two equations and substituting u
1

=0 yields: 

- 1 

= (2-2 2 ) 
lS" + 1 

- 1) 
2r 

The pressure ratio across the centered expansion wave and 

the dimensionless change in the gas velocity are related by: 

lS" -1 4 

25 
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Since u
2

=u
3 and p

2
=p3 , equations ( 2-2 2 )  and ( 2 -2 3 )  can be 

combined to yield: 

a
1 P2 1 )  -- -

a4 p
1 

EJ 1 
11'

1 
- 1 p

2 + - 1 )  
2 11'1 

p
1 

2 
= [ 1 - ( ( 2 -24) 

11'4 - 1 

The pressure ratio across the wave p3 ;p4 can be expressed as 

a function of the Mach number behind an expansion wave 

propagating in a gas at rest. 

p
3 p

2 = = ( 
p4 p4 

Further , equation 

2 
[ 1 - ( 

11'4 - 1 
M )

-2 ll4/ll'4-1 
1 + 

2 
3 

(2 -2 5 )  is rearranged as 

P2 )]14-1 /211'4 J = 
p4 1 + 

( 2-2 5 )  

follows. 

( 2-2 6 }  

Substitution of the equation ( 2 -2 6 )  into equation ( 2 -2 4) 

and solving for the pressure ratio p2
/p

1 
gives 
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p
2 

1 a4 
-- = 1 + 

p
1 

2 a
1 

l1" + 1 
) 2 + 

2JS"
1 

In view of equation 

p4 p4 p 
= = 

p
1 

p
2 

p
1 

) 2 
( 

1 + 

+ 

JS
1

M3 

A -4 

2 

4 

a 
(-

4
) 2 

a
1 

1 + 

(2-2 5 ) 

p
2 

( 1 + 
JS4 

p
1 

1 

2 

M3 

n1
M3 

A -4 

2 

- 1 

) 2 

1 

M3 

l1"
1 

+ 1 

2A1 

( 2 -2 7) 

) 2 

M3 

) 2JS4/A4-1 

( 2-2 8) 

Combining the last two equations gives the relationship 

1 
= 1 + 

2 

].)
1 

+ 1 
) 2 + + 

2JS
1 

].)4 - 1 
X ( 1 + M3 

2 

A1
M3 2 

-------=�-----) [ 
1 + 

].)4 - 1 

2 

a4 
(- ) 2 

( 
a

1 
1 + 

) 2 r41r4-1 

4 

JS"
1

M3 

!i -
4 

2 

1 
M3 

].) + 1 

) 2 

(2-2 9 ) 

The ratio of the speed of sound a4;a
1 

can be expressed as 
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( 2-3 0) 

where m
1 

and m4 are the molecular weights of the gases. 

The equation relating the Mach number behind the shock 

wave, moving into a gas at rest, with the pressure ratio 

across it is: 

M 
2 

2 
= 

2 
l"1 ( l"1 -1 ) 

p
2 

p
1 

�1 + 
r -

1 

p
1 + -- - 2 

p
2 

( 2-3 1 )  
1 p

2 + --

1 p
1 

Further the pressure behind the reflected shock wave 

can be determined by: 

2 ::tr  

P5 - P1 � - 1 
= 1 + ( 2 -3 2 )  

P2 - P1 E + 1 P1 
+ 1 

r - 1 P2 

The above equations are utilized in Chapter IV for the 

prediction of the pressures in the lateral pipe. 
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CHAPTER I I I  

EX PERI ME NTAL F ACI LI TY AND PROCE DURE 

Two d i f f e r ent expe r imental fac i l i ti e s  were used to 

s tudy the pu l s e - j e t f abric f i l t e r . The s t andard sys tem 

( c lean sys tem ) was de s igned to analyze the pul s e  pres sure 

exert ed on the bag f o r  various sys tem conf igurations and 

operat ing condi tions for the ut i l i ty- s i z e pul s e - j e t fabr i c  

f i lter . The system w a s  such that mod i f ication o f  the sys tem 

conf iguration and the ope rat ing condi tions could be made 

e a s i ly. F o r examp le , a lateral pipe , a bag , and a tank can 

be rep laced within a sho r t  period of time. Also , the 

pressure p o r t s  c an be acc e s sed e a s i ly. 

The p i lo t  plant sys tem ( di rty syst em ) wa s des igned to 

ana lyze the pul s e  pre s sure exerted on the bag under no rmal 

operat ing condit ions and to f ind the re lationship betwee n  

the pul s e  p r e ssure exerted o n  the bag , pres sure drop acro s s  

the system , and the f i ltration e f f i c ie ncy. 

A. S tandard S y s t em 

A comp l ete prof i le pul s e  sys tem inclu di ng a c omp r e s s e d  

a i r  tank , s o lenoid v a lve , s tandard l a t e r a l  pipe , bags , 

ventur i e s , and the spac ing be tween the components was 

constructed . The configuration of the system is shown in 

F igure 3 . 1 .  The late r a l  and the bags were p laced 

hor i z onta l ly at two feet above the f loor. The bags we re 
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Figure 3.1. Schematic of the lateral pipe and bags . 



loc ated on the later al hole 1 ( nearest the va lve) 1 hole 7 

( middle of the later al pipe) 1 and ho le 1 4  ( la s t  bag on the 

latera l )  . The lateral to bag spac ing was adjustable f rom a 

spac i ng of 2" to 20" . Pressure taps were insta lled at 1 . 5  f t  

intervals on each bag and 1 7 ,  6 4  and 1 1 0 inc hes from the 

tank on the lateral p ipe . The static pres sure developed 

ins ide of the bag dur ing the pulse was measured by a h i gh 

sensit ivity pres sure transducer and a stor age osci lloscope . 

The pressure wa s recorded for one pres sure port at a time . 

The dimensions o f  the system are shown in Table 3 . 1 .  

B .  Pi lot System 

An exi sting pulse-jet system was modi f ied to serve the 

objec tives of the tes ts conducted in thi s study . Figure 3 . 2  

shows the sys tem schematic . The test compartment was p laced 

in a closed loop with an environment a l  contr ol room which 

was uti lized to maintain system temperature and humidi ty. 

Compartment f low was regulated by a damper which was 

controlled by a Dwyer Photohelic on/off control ler . The 

contro ller was act ivated by the pressure dif ferent i a l  acro s s  

an o r i f ice p late loc ated i n  the duc two rk o n  the down stream 

s ide of the compartment . 

Flyash tes t  dus t was injected f r om a Vibrascrew dus t 

feeder ( loca ted in the environment al control room) into the 

duct leading to the f i lter compartment . The f lyash ut i lized 

was obtained fr om the hoppers o f  an electrost atic 
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Table 3 . 1 .  Dimension of the standard configuration of the 
pulse-jet fabric filter. 

Lateral 1 1/2 in. diameter, sch. 4 0  pipe 

Bag dimension 

Bag spacing 

Number of bags 
per lateral 

Lateral hole diameter 

lateral to bag space 

Volume of tank 

Valve 

Tank pressure 

Pulse duration 

3 2  

1 2  ft in length 

6 in. in diameter, felted 

7 3/4 in. center to center 

1 4  bags 

3/8 in. 

4 in. 

0 . 9 2 ft 

ASCO 1 1/2 in. diameter 

1 0 0  psi 

5 0  ms 
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precipitator instal led at a nearby pulverized coal fired 

boiler ( King s ton Steam P l ant, Tennes see Val ley Authority ) .  

Figure 3 . 3  is a detailed description o f  the pul se jet 

f abric fil ter co l lecter. The cleaning mechanism consis ted 

o f  a rapid pulse of high pressure air which was transfered 

from a pre s surized tank through a latera l  pipe into the top 

of each filter bag. The tank pressure was variab le from 0-

100 pounds per square inch ( psig ) .  Two identical latera l s  

transfered the compres sed air from the tank to the bags. 

Each l ateral puls ed two fil ter bags. During the fil tra tion 

cycle, a row of bags (2 bags in each row ) was pulsed by 

activating a s o lenoid va lve loca ted between the tank and the 

l atera l. At a pre-determined interva l  (2-5 minutes )  the 

bags were c leaned by a l ternating between latera l s  1 and 2. 

Eachl - 1/4 " diameter latera l  had a 3/8" diameter 

ho le located above each bag at the center of the ho le a t  

the top of the b ag. The l a tera l s  were adjus tab le f rom a 

spacing o f  4" to 20"( centerline o f  the pipe to the top edge 

of the fil ter bag ) in increments of 4". 

The filter sys tem housed 4 filter bags (6" diameter by 

12' long). Pres sure taps were ins t a l led at one f oot 

intervals on one of the bags to allow pres sure waves to be 

measured along the length o f  the bag. Acces s doors (10" 

diameter ) were also ins t a l led on one side of the housing 

wa l l  to al low both visual inspection and acces s  to the 
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f il ter bag which was u s ed t o  measure the pres sure wave . A 

venturi was mounted in the t op of each fil ter bag . 

A schematic diagram o f  instrumentation is shown in 

Figure 3.4 . Als o  the spec if ications o f  the instrument s  are 

l i s ted on Table 3.2. The pres sure drop acr o s s  the bag was 

cont inuously moni tored by a low range , low sens itiv ity 

pressure transducer and a x-y recorder . The static pressure 

developed ins ide o f  the bag dur ing the pul se was measured by 

a high - sens itivity pre s sure transduc er and a s t orage 

o s cilloscope . The partic le removal e f f ici ency was measured 

by sampl ing up stream of the co llec tor with an optical 

part ic le counter ( Clime t  208 and C l ime t 210). 
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Tab le 3 . 2 .  I ns t rumen t  spec i f i c ations . 

D i f f e rent i a l  
Pres sure Transducer 

Osc i l lo s cope 

C ame ra 

F i lm 

S o leno i d  Va lve s 

X-Y Reco rde r 

Opt i c a l  
Part i c l e  Counte r  

Pres sure Gauge 

Val idyne Mode l DP 1 5 - 5 0  
S / N  4 9 3 9 2  Range: 0 - 1 2 5  p s i  
Output: 3 5  mv/ v  at 3 0 0 0  Hz 

Celesco Mode l P7D + . 1 P S I D  
Range: + . 1  t o  + 5 0 0 , d i f f erent i a l  
Output: 2 5  mv/ v  m i n  F S  @ 3 0 0 0 Hz 

Robert Shaw Mode l No . 1 1 7 - A1 - A  
Range: 0 - 1 0 / 5 0 "  W . G . , SP: 2 0 0 0 p s i  
I nput: 1 2 / 8 0  VDC Output: 4 - 2 0  MADC 

Tekt ronix 
4 3 4  Sto rage Osc i l l o s c ope 

Tektronix 
Type C 3 0AP 

Kodak 
Po laroid F i lm Type 6 6 7  

ASCO V a lve s 
2 -way d i aphr agm type 
Quick openi ng 1 1 / 2  N . P . T  
No rma l ly c lo sed ope ration 

Cole-Farme r I ns trument Company 

C l imet 2 0 8  
C l ime t 2 1 0  Mul t i  Channe l Monitor 
Range: 0 . 3  g - 1 0  � 

Magnehe l i c  
Range : 0 - 5 "  W . G .  

1 - 2 "  W . G .  
Photohel i c  
Range: 0 - 1 . 0  " W . G  
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CHAPTER IV 

A MODEL FOR THE PULSE PRESSURE IN A PULSE-JET 

FABRIC FILTER 

A. Introduction 

The amount of the dus t  dis lodged from a f abric fil ter 

is a function of pul s e  pres sure developed inside of the bag. 

Thus, an understanding of the pre s sure deve loped in the 

l ateral pipe and bag is very important for the design of a 

pu l s e-jet type o f  f abric filter. This task becomes more 

comp lex if the shape o f  the lateral pipe and the bag is 

t aken into account since the pres sure does no t deve lop 

unif ormly throughout the sys tem due to its long-tube shape. 

Furthermore, due to the permeability of the bag, the pul s e  

pre s s ure developed inside the bag dis sipates toward the 

bottom of the bag. 

The ana lysis of the pre s sure exerted in the sys tem is 

approached in two s teps. The firs t step is to deve lop a 

predictive mode l without consideration o f  the system 

configuration. This mode l is re ferred to herein as the 

simp lified s tatic mode l. The mode l deve loped under the 

simp lified conf iguration is capab le of e stimating the 

genera l  pre s s ure wave pattern and the repre s entative 

magnitude of the pres s ure deve loped in the latera l pipe and 

the bag. In this mode l, the predicted pre ssure can be 
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cons idered to be somewhere between the lower and upper va lue 

in te rms of the pres sure deve loped a l though the model is not 

able to pr edi ct the pres sure at spe c i f ic locations and / or 

time s . Nonethe les s , the simplif ied s tatic mode l i s  a very 

e f fect ive too l in understanding the behavior o f  the 

pul s e - j et f abric f i lter . For example , the ef fect o f  varying 

the des ign parameters on the pu l se pres sur e c an be examined 

with the mode l .  such ana lyse s  have been conducted and are 

included in a later sect ion . 

The second s tep i s  to c ons ider the dynamic a spects of 

the system . The configur ation and the perme abi l i ty of the 

bag a r e  taken into account in the dynami c mode l . This 

sect ion provide s the inf ormation needed to under s tand the 

behavior o f  the dynamic aspects of the pul s e - j e t f abr ic 

f i l te r  and to so lve the problems a s s o c i ated with des igning 

the pul se-j et f abric f i lte r . 

F igure 4 . 1  i l lustrates the procedure used in the 

ana lys i s  of the pulse pres sure in the pulse- j et fabr ic 

fi l ter . 

B .  Simp l i f ied Static Mode l 

Development of the Mode l 

The system can be viewed as an ene rgy d i s tr ibution 

system cons i s t ing of the compres sed air tank , the s o lenoid 

va lve , the lateral pipe , the ventur i , and the bag a s  

i l lustrated i n  F igure 4 . 2 .  When the va lve is opened , the 
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STATIC ANALYS I S  

Deve lopment o f  a predict ive mode l for 
the pulse pres sure in a pulse - j et f abric 
f i lter . . . . .  wi thout conside r ation o f  the 
long cylindr ical body 

\II 
DYNAMIC ANALYS I S  ( Unsteady F low )  

E f f ec t  o f  the long cy l i ndr i c a l  body on 
the s t at ic Mode l . 

. E s t imation o f  the pres sure exerted in the 
late r a l  cons ide r i ng the uns teady f low 

. Es timation o f  the pres sure exerted at the 
entrance o f  the bag 

. Es timation o f  the pulse pres sure d i s s ipating 
a l ong the bag 

F igure 4 . 1 .  Procedures for the deve lopment o f  
a p redictive mode l f o r  the pu lse 
pres sure in a fabric f i lter. 

4 1  



valve Solenoid 

Reservoir I � /Lateral 

��--t-.-�---- ---�-.�-------�-¥---,1 
( 

4-- Bag 

(a ) 

<E- Lateral pipe 

I I 
t 1 

.)�· ...... / ,........, 'f..../ ' I �Bag , ....... .,.. \ I ' / 
' .... __ 'll + 

(b) 

Figure 4.2. The .actual and the simplified system 
configuration. 
( a) Actual system. 
{b) Simplified system. 
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compressed air f lows into the lateral pipe and the lateral 

pipe is pressurized. While the pressure of the lateral pipe 

is being developed, some air begins to be discharged into 

the bag located below each orifice in the pipe. Then the 

bag is pressurized while some air permeates through the bag 

surface. The amount of air mass f lowing into the lateral 

and the amount of air mass discharged f rom the lateral are 

regulated by the pressure conditions at the valve and the 

orifice. The amount of air f lowing into the bag is 

regulated by the pressure condition at the bag entrance. 

The amount of the air permeating through the bag surface is 

controlled by the material/construction of the bag and dust 

loading conditions. 

In the simplified static model, in order to eliminate 

the problem of configuration, an ideal configuration is 

considered. The lateral pipe and the bag are treated as 

spherical containers in which the pressure develops 

uniformly throughout the container. 

Figure 4.2(a) and (b) illustrate the actual system and 

the idealized system configurations used for model 

development respectively. Table 4.1 is a list of notation 

used in the course of the model development. 

When the valve of the reservoir opens, the high 

pressure air expands into the lateral pipe. The mass of air 

which has f lowed into the lateral in a specific time 

increment is equivalent to the amount of the air which was 
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Table 4 . 1 .  Notation f o r  the s impl i f ied s t atic mode l . 

Symbo l Meaning 

v
r 

Reservo i r  Vo l ume (f t
3

) 

v
l 

Lat eral Volume (ft
3

) 

�r 
Density o f  a i r  in the reservo i r  ( lbm / f t3

) 

5\ Den s i ty o f  a i r  i n  the lateral ( lbm/ f t
3

) 

fv 
Dens i ty o f  a i r  at the valve ( lbm / f t

3
) 

T
r 

Tempe r ature o f  a i r  in the reservo i r  ( 
O

R )  

T
l 

Temper ature o f  air in the lateral ( 
OR )  

T
a 

Temperature o f  air in the atmosphere ( 
O

R )  

T
v 

Temper ature o f  a i r  at the valve ( "R ) 

T
o 

Temper ature o f  a i r  a t  the o r i f i c e  ( "'R )  

p 
r 

Pres s ure o f  the reservo i r  (ps i )  

p
l 

Pre s s ure o f  the late r a l  (ps i )  

p Pressure o f  the atmosphere (p s i ) 
a 

P
v 

Pres sure at the va lve (p s i ) 

p 
0 

Pres sure at the o r i f i c e  (ps i ) 

p
b 

Pressure in the bag (ps i ) 

P
e 

Pres sure exerted by a je t at a bag ent rance 

M
r 

Mas s  f l ow rate f rom the re servoir (lbm / sec ) 

M 
0 

Mass f low rate f rom the lateral (lbm/ sec ) 

M
b 

Mas s  f low rate f r om the bag (lbm / sec ) 

v Ve loc ity 
v 

o f  a i r  a t  the va lve (ft / sec ) 

v Ve loc i ty 
0 

o f  a i r  at the ori f ice ( f t / sec ) 
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Ta ble 4 .1. ( continued) 

Symb o l  M ea n i ng 

Vb Ve locity of a i r  pe rmea ting the bag ( f t / sec) 

Av Are a  of the va lve ( f t 2) 

A0 Area of the o r if ice ( f t 2) 

As Surface a rea of the bag ( f t 2) 

Ac Ar e a  of the ba g c ro s s  sect ion ( f t 2) 

KP P e rme abi l i ty coeff icient ( f t / se c / in . w . g .) 

M Ma ch number V/a , a= sound of speed 

M v Ma ch numb e r  at the va lve 

M 0 Ma ch number at the o r if ice 

gc Num e ri c a l  va lue of the st andard acce le ration 

due to gra v i ty ( f t / s e c 2) 

R Ga s cons tant ( f t . lbf / lbm0R) 

� Spec if ic hea t ra tio 

Subscrip t s  

r Re s e rvo ir 

1 La t e ra l  p ipe 

b Ba g 

v Va lve 

o Orif ice 

a Atmo sphere 
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lost f rom the reservoir in that s ame time increment. 

Theref ore , the ma s s  bal ance equation can be e s t ab lished such 

that ( John , 1 969 } : 

dv + = 0 ( 4 - 1 ) 

where : 

fr 
= the density o f  air in the reservoir 

...... 
v

v 
= the velocity of the air escaping 

through the va lve 

...., 
unit va lve dA

V 
= the area o f  the 

dv = the unit vo lume o f  the reservoir 

Since the vo lume of the reservoir and the area of the va lve 

are cons tant , equation ( 4 - 1 ) can be rewritten a s  

change o f  ma s s  
in the reservoir 

\.Vhere : 

+ 

A
v 

= the area o f  the va lve 

= 0 

mas s  f low 
from the va lve 

v
r 

= the total volume of the reservoir 

For the ideal gas , 

P= fRT 
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Sub s t i tution o f  equation ( 4 - 3 )  into equation ( 4 - 2 ) r e s u l t s  

i n  the f o l lowing exp re s s ions : 

v r ¢ p r  + ( 4 - 4 ) 
R Tr ot 

whe re i t  is cons ide r ed that the temper ature is cons tant 

dur ing the d i s ch arge of a i r . 

I n  the same manne r a s  above , a mas s  ba l ance equation 

c an be s e t  up b e tween the re servo i r , the l ater a l  p ipe , and 

the atmosphe re : 

v l d P 1 Pv 
R T1 d t  R Tv 
accumulation of mas s 
mas s in the f rom 
lateral pipe 

Av Vv + 
Po 

R T0 
f low- i n  mas s  
valve f rom 

A V = 0 0 0 

f low-out 
o r i f ice 

( 4 - 5 ) 

A l s o , a m a s s b a l ance c a n  be set up between the latera l , the 

bag and the atmosphere as f o l lows : 

vb dPb Po Ao vo + pb A vb 
= 0 -

R T0 d t  R T0 R T s 
b 

accumu l at i o n  o f  mas s  f low- i n  mas s  f low - out 
ma s s  in the bag f r om o r i f ic e  from b ag sur face 

( 4 - 6 ) 

whe r e : 
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Vb = the p e rme a tion v e lo c i ty 

The entrainment o f  the a i r  at the entry o f  bag was 

con s ide r e d  to be neg li g i b le i n  this deve lopme n t . 

The ve loc i ty o f  the a i r  di scharged through the v a lve 

( Vv ) and the o r i f ice ( V0 ) is calculated in one o f  two ways 

depending on the pre s sure cond i t ion at the va lve and 

o r i f ice . The f o l lowing equations ( John , 1 9 7 9 ) are used f o r  

e ach cond i t ion : 

v = Mvj r gc R Tv ( 4 - 7 ) v 
where : 

ll" - 1 
M 2 ) Tv 

= Tr I ( 1 + 
2 v 

When c r i t ic a l  p r e s sure cond i t io ns exi s t  at the va lve ( i . e .  

Pv = 0 . 5 2 8  P r 
Mv = 1 

When non-c r it i c a l  p r e s sure conditions exi s t  at the valve 

2 

]I' - 1 
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The value o f  the pre s sure ratio , 0 . 5 2 8 , is the critical 

pres sure rati o  f or the air ( r = 1 . 4 ) , be low which the 

no z z le i s  choked . M
v 

i s  the Mach Number at the valve . 

I n  the same manner as above , the velocity at the 

ori f ice i s  determined as f o l lows . 

V 0 = MJ :r; gc R T0 

where : 

T - T / ( 1 + 0 - 1 

:r; - 1 

2 

( 4 - 8 ) 

For critical pre s sure condition at the ori f ic e  ( i . e .  P
a

/P 1 

< 0 . 5 2 8  ) :  

P0 = 0 . 5 2 8  P 1 

M0 = 1 

For non-critical pre s sure condition ( i . e .  Pa / P 1 > 0 . 5 2 8  ) :  

P
o 

= P
a 

2 p 
{ (

-a-
)

- ( :r; - 1 ) / :r; _ 1 } ] 1 / 2  

r - 1 p
l 

Acc ording to Darcy 1 s  Law ( Berrer , 1 9 4 1 ) , it i s  cons idered 

that the veloc ity of the air permeating the bag is 

proport ional to the pres sure diff erence between the pre s sure 

developed in the bag and the pressure surrounding the bag : 

( 4 - 9 ) 

where KP is the permeat ion cons tant . 
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Sub s t i tut ing equat ion ( 4 - 9 ) into equat ion ( 4 -6 ) , gives the 

expres s ion : 

= 0 

( 4 - 1 0 ) 

Fur ther, i t  is a s s umed that the momentum pos ses sed by the 

a i r  jet i s  conserved unti l  the a i r  jet reaches the ent ry 

po int of the bag ( see Figure be low ) .  

I 
I I 

I 
I +-j--

Pe ---+- I '---

I }  
Pb 

Then the p res sure force act ing on the bag entr ance p l ane 

developed by the air jet i s  ca lculated by 

( 4 - 1 1 ) 

A s  long as the pres sure force developed by the a i r  j et at 

the ent r ance of the bag i s  larger than the pres sure in the 

bag, the a i r  jet f lows into the bag . However, once the 

pres sure fo rce developed by the air jet at the entr ance of 

the bag reaches the pres 3ure ins ide of the bag , the bag 
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pres sure i s  contr o l led by the pres sure f o rce po s s e ssed by 

the air j et .  The re fore , when the pre s sure of air j et ( P
e

) 

i s  less than the pres sure in the bag ( P
b

) ,  ma s s  f low into 

the bag ( the second term of the equation 4- 1 0 ) become s zero 

and the pres sure of the bag ( P
b

) become s equ a l  to the 

pres sure o f  the air j et ( P
e

) .  

Tab le 4 . 2 i s  a summary of equat ions for the s imp l i f ied 

static mode l . 

Deve lopment o f  the Computer Progr am 

The set o f  mas s ba l ance equations shown i n  Tab le 4 . 2 

has been so lved by us ing a s tep by s tep so luti on method . 

Figure 4 . 3 shows a f low diagram o f  the calculation 

procedure . The c a lculation proc edure i s  exp lained in seven 

s teps as f o l lows . I n  step 1 ,  input data requi red for the 

model i s  prepared . They inc lude phys ical parameters , 

conve r s ion factor s , de s ign and operating par ameters , and 

program par ameter s . I n  s tep 2 ,  current time and t ime 

increment are set and the loop for t ime i s  initiated . I n  

step 3 ,  a s e t  of veloc i ty equat ions i s  se lec ted f o r  the air 

f low f rom the rese rvoir depending on the pres sure condition 

at the valve . Then , the amount of a i r  released f rom the 

reservo ir f o r  the time per iod t and the reservo i r  pres sure 

at time T are ca lculated . I n  s tep 4 ,  the veloc i ty of air 

f low f rom the o r i f ice is dete rmined in the same manner as 

the veloc ity of air f low at the valve . The set o f  veloc ity 
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Tab le 4 . 2 .  Summary of the equations f or the s impl if i ed 
s t a tic mode l 

vr 
ctP r + 

Pv 

R Tr dt R Tv 

v l dP , 
J.. 

R T1 dt 

vb dPb 
p

b 

R T 0 

where : 

vb 
= 

vr 
= 

dt 

Kp ( p - p b a 

Mv) 15' gc R Tv 

R 

) 

15' -
T = T I ( 1 + 

v r 

If P 1 / Pr < 0 . 5 2 8  then 

Pv = 0 . 5 2 8  P r 

Mv 
= 1 

2 

T 

vv Av 
= 0 

pv Po Av v + Ao R Tv 
v R T 

0 

Ao v + 
p

b A vb 0 R T s 
0 b 

1 

2 p 
{ ( -1- ) - ( 15' - 1 ) / 1\ - 1 } ] 1 / 2  

15' - 1 r r 
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( 4 - 4 )  

v = 
0 

( 4 - 5 )  

= 0 

( 4 - 6 ) 

( 4 - 7 ) 
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Table 4 . 2  ( continued ) 

vo 
= Me

) 
lS' 

gc 
R To 

( 4 - 8 )  

lS' - 1 
M 2 ) To 

= T1 I ( 1 + 
2 

0 

I f  Pa / P l < 0 . 5 2 8  then 

Po 
= 0 . 5 2 8  p

l 

Me = 1 

I f  P a / P l 
> 0 . 5 2 8  then 

Po 
= P a 

2 p 
} ] 1 / 2  

Me = { ( -a- ) - ( lS' - 1 ) / lS - 1 
l) - 1 p 1 
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Figure 4.3 . 

Input Data 

Constants o f  the phys i c a l  prope r t i e s  
Unit conve r s i o n  factors 
Des i gn & Oper at ing parame t e rs 

Loop f o r  time 

I n i t i a l i ze t ime ( T=O ) 
Set t ime ir,-::r ement ( f..t ) ,  

yes 

Ca lculate the tempe r a ture and 
the veloc i ty a t  the va lve 

= 1 

C al c u l a te 
the rese rvoir 
pressure at t ime T 

Calcul ate the amount of a i r  
r el e a s ed f rom the r e s e r vo i r for 
the t ime p e r i od At 

C al c u l a t e  
the amount of a i r  
a ccumu l ated i n  
the l a t e r a l  pipe 

C a luc l a te 
the l at e r a l  p i pe 
p r e s s ure 
a t  t ime T 

C a l c u l a t e  
M a c h  Number 
at the v alve 

C a lculate the temperature and 
the veloc i ty at the o r i f i c e  

C a l c u l a t e  amount o f  a i r  
r e l ea s e d  f r om the l a t e r a l  
p i pe f o r  t ime p e r i od At 2 

Flow di agram of the calculation procedure 
f or the s implif ied static model. 
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Ca lculate air j e t 
p r e ssure exerte d 
on the bag entrance 

Calculate 
the amount of 
air goes into 
t he bag ( k *Mo l 

C a lcu late 
the amount of a i r  
pe rmeate t h e  bag 

C a lculate the bag 
pres sure at time T 

Cal culate the amount 
of a i r  accumula ted in 
the bag du r i ng At 

!----------� P rint : 
Time 
Re s e r vo i r  p r e s sure 
Late r a l  pipe pressure 
Bag pressure 

Time loop 

F i gure 4 . 3 .  ( Cont i nued ) 

5 5  



equations i s  chosen depending on the pres sure condition at 

the o r i f ice . The amount of air re leased f r om the later a l ,  

the amount o f  a i r  accumulated in the l a tera l dur i ng time 

per iod 4 t ,  and the pres sure deve loped at t ime T are then 

ca lculated . I n  s tep 5 ,  the a i r  j et pres sure exerted on the 

bag entry p lane is c a lculated and comp ared with the bag 

pre s sure . I f  the j et pres sure i s  l e s s  than the bag 

pressure , no air ma s s  f low is a l lowed into the bag ( i . e .  K 

equals to zer o ) . The amount o f  air i n j ected into the bag 

dur ing t ime per iod � t ,  the amount of air permeating the bag 

duri ng t ime per iod At ,  and the bag pre ssure deve loped at 

t ime T are then obtained . I n  s tep 6 ,  de s ired values such as 

the res ervo ir pre s sure , the l ateral p ipe pre s sure , and the 

bag pressure are pr inted f o r  the t ime T .  I n  step 7 ,  the 

t ime increment is added to current time and returns to the 

beginning o f  the loop for time . I f  the cur rent t ime i s  

greater than the pre - s et t ime , the loop is terminated . 

Appl ication of the Mode l and Compa ri son with the Expe rimen ­

t a l  Results 

Table 4 . 3 i s  an examp le input to the mode l .  The 

results are exhibited on Figure 4 . 4 and 4 . 5 with the 

observed pres sure curve . 

F igure 4 . 4  i s  a graph o f  predicted pre s sure ver sus t ime 

f o r  the reservo i r  and the later a l . The observed pres sure in 

the lateral i s  also shown for the conditions i l lustrated in 
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Tab l e  4 . 3 .  Examp le input to the s imp li f ied s tatic mode l .  

De s ign p a r ame ters :  

Re servo i r  vo lume , vr 

La teral p ipe volume , v1 

Bag vo lume , vb 

Valve are a ,  Av 

O r i f ice area , A0 

Ar e a  o f  bag i n le t ,  Ac 

Are a  o f  bag sur f ac e , As 

Operating p a r ameter s :  

Re s e rvo i r  Pres sure , P r 

Tempe ratur e , T 

Va lve ope n i ng t ime , ts 

Ca lculation pa rame te r s : 

Time i nc rement , � t  

5 7  

0 . 9 2 f t 3 

0 . 1 2 f t 3 

2 . 3 5 f t 3 

1 .  7 6 7  inch 2 
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2 7 1 4  i nch2 

1 0 0 p s ig 
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Tab le 4 . 3 .  The magnitude of the observed pressure is 

approximately 1 0 %  smaller than the predicted value . 

However, the pattern of the predicted pressure curve is very 

similar to that of the observed pressure curve. 

F igure 4 . 5 shows the predicted and observed bag 

pressure f or three different locations along the bag. B ag 

# 3  is located at the cl osed-end of the lateral. B 3 1 , B 3 2 ,  

B 3 4 are l ocated a t  1 . 5 , 3 ,  and 6 f t  f rom the top of the 

bag, respectively. B ag # 3  is chosen f or i l l ustration 

because the characteristics of dissipating pulse are 

manifested most clearly on this bag. The characteristics of 

the pulse pressure exerted on the other bags are similar to 

the charcteristics of the pulse pressure f or bag # 3 . The 

bag nearest the closed-end or f ar end of the lateral 

consistently had a higher pressure than the other bags . 

The pulse pressure at B 3 1 is a sharp pulse(impulse­

like) accompanied by an observed negative pressure after the 

initial short- l i ved pulse. The shape of pressure curve at 

B 3 2  is si milar to that of the lateral pressure curve . As 

the pulse travels down the bag, the shape of the pressure 

curve i s  rapidly deforming as shown i n  the pulse pressure 

curve f or B 3 4 .  

Theoretical ly , the observed pulse pressure of the bag 

at the f ar end of the lateral is expected to be higher than 

the predicted pulse pressure because the dynamic nature of 

the system has not been taken into account by the model . 
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Likewise , the observed pressure at the bottom of bag #1 

should be lower than the predicted pulse pressure using the 

model. · The observed pressure curve of bag # 3  was 

consistently lower than the predicted one. It was 

hypothesized that the energy losses (i.e. entry loss , 

f riction loss , momentum loss , and loss due to air 

entrainment) in the system which were not considered might 

have been considerably large. The energy losses incurred 

between the orifice on the lateral and the entry of the bag 

required further investigation and will be discussed in more 

detail in a later section. 

Sensitivity Analysi s  

To better understand the behavior of the pulse- j et 

system, sensitivity analyses have been conducted by 

utilizing the model developed . These analyses examined the 

ef f ect of varying the design parameters on the pulse 

pressure wave. The analyses conducted were , (1) effect of 

reservoir, lateral , and bag volume , ( 2) ef f ect of reservoir 

pressure, ( 3 )  ef fect of orifice diameter, ( 4 ) effect of 

valve opening time. 

E f fect of reservoir volume. Figure 4 . 6 shows the 

change i n  the pressure wave for the various reservoir 

volumes. The reservoir volume af fects the rate of decrease 

in pressure af ter the peak pressure is developed. As the 

reservoir volume becomes smaller, the pressure pattern 
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appro aches a triangu lar shape s ince the reservoir cannot 

maintain the pres sure . As the reservoir vo lume becomes 

la rger , the pres sure wave pattern app roaches a rec tangular 

shape . The magni tude o f  the predicted peak pressure 

developed in the s tandard reservoi r  v olume and the reser vo i r  

vo lume which w a s  50 % l ar ger than the standard reservo i r  

vo lume a r e  a lmo st the s ame .  On the o ther hand , when the 

reservoir vo lume becomes one ha l f  o f  the standard reservoi r  

vo lume , the exer ted peak pres sure dec rea ses s ignif icantly . 

Thi s  low peak pressure may not provide enough f o rce to 

di s lodge the dus t from the bag . Therefo re , i t  i s  

rec ommended that the use o f  an exces s ively sma l l  reservo ir 

be avo ided . 

Effect o f  a l atera l  pipe vo lume . F igure 4 . 7  shows the 

change in the pres sure wave for the various later a l  v o lumes . 

The l ater a l  vo lume af fects the peak pres sure and pressure 

rise r ate only s light ly . I t  should be noted that the 

dynamic nature o f  the f low has been exc luded from the 

s imp l i f ied s t atic model . 

Ef fec t  o f  a bag vo lume . F i gure 4. 8 shows the change in 

pres sure wave f o r  various bag vo lumes . The bag vo lume w i l l  

a f fect the pres sure r i se rate . Theoretic a l ly , the pulse 

pres sure rise rate increases propor tiona l ly as the bag 

vo lume dec reases . 
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E f f e c t  o f  an o r i f ice diameter . Figure 4 . 9  shows the 

change in pres sure wave f o r  the var ious o r i f ice diame te r . 

The o r i f ice diameter a f f e c t s  the maximum pres sure and 

pres sure r i s e  r ate . Theoretica l ly , if the o r i f ice diame ter 

become s large r , the momentum of the air j et and the mass o f  

air inj ected w i l l  inc r e as e . Consequently , the peak pres sure 

and the pres sure rise r a te wi l l  increase . 

E f f e c t  o f  a va lve opening time . F igure 4 . 1 0 shows The 

change in the pre s sure wave f or the var ious va lve opening 

time s . The pres sure waves are e s sent i a l ly the same except 

f o r  duration . The pu l s e  dur ation should be long enough to 

avo id s igni f icant dus t  redepo s i t ion s i nc e  the area under the 

pres sure curve i s  re lated to the vo lume of reve r se air f low 

through the bag . 

Also , the re lationship between actual va lve opening 

t ime and e lectrical time s e tt ing was invest igated . Fi gure 

4 . 1 1 shows the actual va lve opening time versus the 

e lectrical valve ope ning time setting . The mechanical 

re sponse time appe a r s  to be 4 0ms . The actua l dur ation o f  

valve opening t ime i s  about B Orns longer than the e lectrical 

t ime sett ing in the r ange tested . The r e fore , i t  should be 

noted that the propo rtion of e lectrical time di f fe r s  f rom 

actual propor t ion of va lve opening time . For examp le ,  when 

the e lect r ica l t ime sett ing is increased two t imes ( 5 0ms to 
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l O Oms ) , the actua l opening t ime increases only 2 5 %  ( 1 4 0ms to 

1 7 5  ms ) 

E f f ect o f  rese rvo ir pressure. Reservo i r  p r e s sure i s  a 

point o f  ma j or inte r e s t  f r om the view o f  the energy 

c onsumption o f  the system. Figure 4. 1 2  shows the change in 

p re s sure for r e s e rvo i r  pres sure . The magni tude o f  the 

pres sure wave and the initial pres sure r i s e  rate become 

proportiona l ly sma l l e r  as the reservoir p r e s sure dec rease s .  

C .  Dynamic Mode l 

Deve lopment o f  the Dynamic Mode l 

The deve lopment o f  the Dynamic Mode l can be divided 

into f ive sect i ons : 

( a )  Dete rminat ion o f  the pulse p re s sure in the lateral 

( b )  Determi nation o f  the velocity o f  the a i r  j e t 

( c )  Determination o f  the pulse pres sure generated by the 

inj ected air 

( d )  Determination o f  the pulse pre s sure d i s s ipating a long 

the bag 

( e )  Determinationof the pulse p re s sure ref lec ted at the 

bot tom of the bag 

Determination of the pu l s e  pres sure in the l a tera l .  

De terminat ion o f  the pulse pres sure in the late r a l  was 

accomp l i s hed by introduc ing a set o f  analyt ical equat ions 

7 0  
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derived f or a shock tube. It was considered that the 

reservoir/ lateral can be treated as a shock tube in which 

high- speed transient f lows are generated by the rupture or 

rapid opening of the diaphrarn separating a gas at high 

pressure f rom a gas at low pressure. 

Figures 4.13 ( a) ,  ( b) ,  ( c) ,  and ( d) show the system of 

reservoir/ lateral , the flow field at time t
1 

af ter opening 

of the valve , pressure distribution at time t
1

, and the wave 

pattern in a physical plane ( xt plane) , respectively . 

The reservoir is f illed with a high pressure gas and 

the lateral pipe is filled with low pressure gas. When the 

valve is opened , a right - facing shock wave travels into the 

low pressure gas and a left - facing expansion wave propagates 

into the high pressure gas. The wave pattern consists of a 

shock wave moving into the low pressure gas , a contact 

surface , and a centered expansion wave moving into the high 

pressure gas. 

As shown in the physical plane ( Figure 4.13 ( d) ) , it is 

a very complicated task to predict the pressure in the 

lateral with time because the pressure wave pat tern becomes 

complex af ter the pressure wave is reflected at the closed­

end of the lateral creating non-simple f low regions. Here , 

the pressure of interest is the peak pressure developed in 

the lateral since this peak pressure creates the maximum 

pressure in the bag which is one of the maj or f actors 

associated with dust dislodgement. In the lateral , the 
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f i r s t  peak pres sure i s  observed when t he inc ident pres sure 

( regions 2 and 3 )  tr ave ling toward the c l o s ed-end arrives at 

the point of observation and the second peak pres sure i s  

observed when the ref lec ted pressure tr ave l ing toward the 

reservoir a r r ive s at the point o f  observation . I t  i s  

as sumed that the ref lec ted expans ion wave i s  very weak and 

f low prope rties o f  the f low regions 1 0 , 1 1 , and 1 2  can be 

approximated by the f low p roperties o f  region 5 .  Hence , the 

f low properties that mus t  be required to predict the 

pres sure i n  the late r a l  are the f low properties o f  the f l ow 

regions 2 ,  3 ,  and 5 .  

Owc z arek ( 1 9 6 4 ) der ived the set o f  equations that 

determine the p roperty of region 2 ,  3 ,  and 5 based on the 

ini t i a l  cond i tion of regions 1 and 4 .  The derivation of the 

e quations is conducted in Fundamenta l s  o f  Gas Dynamics 

( 1 9 6 4 ) . Tab le 4 . 4  i s  a summary of the equations for 

predic t ion of the peak pres sure i n  the late r a l  p ipe . I t  was 

as sumed that the f r iction of the wa l l  i n  the lateral and the 

l o s s  of mas s  through the ho les i n  the latera l are 

neglegible . E f fects o f  t he se as sumptions on the prediction 

have been evaluated in a later section . 

De terminat ion o f  the ve loc ity o f  the a i r  j e t .  The 

princ i p le o f  conservation o f  mass i s  app l ied between the 

o r i f ice and the entry of the bag ( s ee Figure be low ) . 

7 4  



Table 4 . 4 . Summary o f  the equations f or the dynamic mode l , 

p
2 

= 1 + 
p

1 

X { ( 
ll

1 
+ 

2 :JS
1 

p
4 

= 

p
1 

2 
M

2 
= 

P s 
= 

p
2 

wher e :  

i' = 1 + 

a 2 
( _L ) = 

a
1 

1 a4 2 lS
1 

M3 
2 

) ) 
2 a

1 r 

1 lS + 1 2 a 2 
) + [ ( 1 

) + 4 ( -t  ( 
2 lS 1 

a 4 

p
2 

2 JS 4 / ( li' 4 - 1 ) 
- )  lf' p

1 

p
2 

p
1 + - - 2 

2 

lS
1 

( �
1 

- 1 )  

3 lr - 1 

li + 1 

lS - 1 
( 

lS + 1 

p
2 - -

p
1 

p
1 

li' 1 
+ 

lS -
1 

1 

1 

ll -

li + 

p
2 + 1 

p
1 

( 1S 4 - 1 ) M 3 / 2  

li'
4 R4 T 4 

]5"
1 

R
1 

T
1 

7 5  

p
2 

p
2 + -

p
1 

1 

1 

f ) 
2 1 / 2  

] } 
lS 1 

M3 

( 2 - 2 7 ) 

( 2 - 2 9 ) 

( 2 - 3 1 )  

( A- 8 2 ) 



I t  is a s s umed that the jet flow is ful ly developed and that 

the cro s s  sectional area of the jet coincides with that of 

the b ag. The vel ocity of the air at the entry of the bag 

c an be c a lculated as f o l l ows : 

Mas s  b a l ance equation is written a s  

rn
1 

= rn
2 

( 4 - 1 2 )  

where : 

-n:o
2 

rn = � v 
4 

( 4 - 1 3 ) 

p = f R T ( 4 - 1 4 ) 

Subs tituting ( 4 - 1 3 ) and ( 4 - 1 4 ) into ( 4 - 1 2 ) and simplif ying 

( 4 - 1 5 ) 

where the velocity o f  the air jet from the orif ice is 

c alculated by the fol lowing equation dis cus sed in a previous 

section : 
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where : 
:rr- 1  

2 

if Pa/P1 < 0 . 5 2 8  then 

P0 = 0 . 5 2 8  P1 

M0 = 1 

if Pa/P 1 > 0 . 5 2 8  then 

p
l 

2 p 
---- {

(
__! ) - ( :rr - 1 ) / :rr 

r - 1  P 1 

-
1 } ] 1 / 2  

Determination of the pu l se pres sure generated by the 

inj ected air . Because air ma s s  is forced into the bag, the 

air at res t  in the top of the bag mus t  accelerate to the 

velocity of the air jet . Consequent ly, the shock wave 

travels ahead of the air jet and pulse pres sure is developed 

behind the shock wave. The pressure developed by the 

injected air can be obtained by applying the princip le of a 

mas s  bal ance acro s s  the shock wave as discus sed in Chapter 

II. 

The velocity dif ference acro s s  a moving shock wave in 

terms of the s peed o f  propagation of the wave can be 

obt ained as f o l lows ( see Chapter II ) :  

2 u 
= ( 2 - 2 0 ) 

JS+1 
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S ince the ve loc i ty ,  u 1 , of the air mas s  i n  f r o n t  of the 

shock wave is z ero , the n : 

2 u 
= ( 4 - 1 6 ) 

1> + 1 

A l s o , the p r e ssure r a t io across a movi ng wave c an be wr i t t e n  

as f o l low s . 

u 
= 1 + --- ( ( ( 2 - 2 1 ) 

J:i + 1 

Si nce u2 can be obtained emp i r i c a l ly or theore t ic a l ly , the 

inc ident p r e s sure developed at the top of the bag can be 

obtained from equation ( 4 - 1 6 ) and ( 2 - 2 1 ) . 

Determination of the pul se pres sure di s s ipat i ng al ong 

the bag . The type of f low phenomena created by the air j et 

can be cons idered uns t e ady one dimens ional f low . The 

governing equations are deve loped in Gas Dynamic s ( 1 9 7 7 ) and 

are summar i z ed here : 

Cont inuity equation : 

�t + u ft + �ux = E 

Momentum equation : 

gut + guux + Px = � 

Energy equat ion : 

Pt + uPx - a2 ( � t + ufx l  = � 

( 2 - 17 ) 

( 2 - 1 8 ) 

( 2 - 1 9 ) 
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where : 

1 dill 
E = 

A dx 

fu
2 

4 f  
+ �u

2 
( 1 -y )  

diD 
)3 = - [ 

2 D dx m 

� = ( 1 - r ) ( dH
i 

+ u)3 ) 

According to the exper imental results to be discus sed later , 

the loss of mass as the f low pe rme ates thr ough the bag p lays 

the ma j o r r o le , whi le pres sure loss due to f r ic t ion a long 

the bag contributes l i tt le to the pul s e  di s s ipation . Also , 

i t  can be a s sumed that the pulse i s  trave l ing at a constant 

ve loc i ty in the bag . Furthe r i t  i s  as sumed that the entropy 

of the f low e lement is constant . I n  l i ght o f  the above 

statement , the equation has been examined . S ince the 

ve loc i ty o f  the f low i s  constant , the equations become 

linear equations and the so lution o f  the equations are 

add i t ive . Theref ore , tho se f actors invo lved in the 

equations are eva luated individua l ly and summed up late r . 

As sumpt ions introduced in the cour se o f  the mode l 

deve lopment have been evaluated in a l ater sect ion . The 

f o l lowing i s  a discus s ion of the dominant f ac to r s  in the 

equations . 

( a )  Lo s s  o f  ma s s  due to d i f fusion 

The term o f  loss of mass in the equation i s  wr itten as 

f o l low s : 
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E = 
A dx 

where : 

A = area o f  cros s  section 

dx = unit length in f low direction 

dffi = mas s  f low rate 

( 4 - 1 7 ) 

The f low through a porous medium obeys the Hagen-

Poiseui l le Law ( Barrer , 1 9 4 1 )  since the pore diameter is 

very sma l l ( pore size o f  5 0 - 1 0 0  urn )  and the Reyno ld ' s number 

is les s  than 1 0  ( Handbook o f  f abric filter techno logy , 

volume I, 1 9 7 0 ) . Therefore , the equation of f low f or a 

compressib le gas in a porous system ( Barrer , 1 9 4 1 ) can be 

written a s : 

VP 

t 

where : 

AP 
= the cros s-sectional area o f  a pore 

V = the v o lume measured at a press ure p 

( 4 - 1 8 ) 

P
1 ,

P
2 

= the pressure of high and low pre s s ure gases , 

respective ly 

t = the duration of measurement 

p
g 

= the permeability of medium 

This equation is known as Darcy ' s  Law . 
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Since P
1 

i s  the bag pre s sure ( P
b

) ,  P
2 

is atmo spheric 

pres sure , and the area i s  the bag sur face area ( ds�Ddx ) , 

the equation can be rewr it ten as f o l lows : 

v 

t 
= ds · P  · g 

In terms o f  mas s  f low ,  the equation i s  writ ten a s : 

v 
dm = � fa = ds P g 

p + p 
b a 0 ( P  - P  ) 

2 P a  
.J a b a 

( 4 - 1 9 ) 

( 4 - 2 0 ) 

Sub s t i tuting equation ( 4 - 2 0 ) to ( 4 - 1 7 ) and s imp l i f ied to : 

4 
E = 

D 

( b )  Fr ict ion l o s s  and momentum loss 

( 4 - 2 1 ) 

The term of friction loss and momentum l o s s  due to l o s s  

o f  mas s  i n  the e quation i s  rewr itten a s  fol lows : 

gu 2 4 f  
+ �u 2 ( 1 - y ) 

din 
)3 = [ - -dx 

2 D dx m 
( 4 - 2 2 ) 

The f i r st term i s  a fr iction loss : 

�u2 4 f  
)3 1 

= 
2 D 

( 4 - 2 3 ) 

The second term i s  a l o s s  o f  momentum caused by the loss o f  
mas s : 
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2 )3 2 = - Ju ( 1 -y ) ( 4 - 2 4 ) 
dx m 

Since y= O ' m=puA , B 2 can be rewr itten as : 

2 dm dm 
)3 2  = � u = u = u E 

dx �uA dx A 
( 4 - 2 5 ) 

The above discu s s ion can be summari zed as f o l lows : 

1 )  the pres sure drop due to lo s s  o f  ma s s : 

4 
E = ( 4 - 2 6 ) 

D 

2 )  the pres sure drop due to momentum lo s s  which i s  caused 

by the loss o f  ma s s : 

132 = uE ( 4 - 2 7 ) 

3 )  the pres sure loss due to f r ic t ion o f  the bag wa l l  i s  

4 f 

.}3 1 = dx ( 4 - 2 8 ) 
D 

4 )  the to t a l  pres sure loss in unit length ( dx )  and unit 

time ( dt )  

dp 
�u

2 

= [ E dt R T ] + [ _;;_,___ 

2 
4 f 

dx ] + [ u  E dt ] ( 4 - 2 9 ) 
D 

De termination o f  the pu lse pressure r e f lec ted at the 

bot tom of the bag . The pu l s e o f  inc ident pres sure trave l s  

a long the b a g  whi le the pu l s e  i s  l o s i ng its ma s s  through the 
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bag sur f ac e . At the bottom o f  the bag , the inc ident 

p r e s sure i s  ref lected and trave l s  back toward the entrance 

of the bag . The magnitude o f  the r e f lected pres sure i s  

c a lculated by Equation ( 2 - 2 0 ) . The equation i s  written as 

f o l lows : 

2 �  

P s  - p � - 1 
1 1 + ( 2 - 2 0 ) = 

p
2 - p � + 1 p 1 1 + 1 

� - 1 p 2 

Deve lopment o f  a Computer Program 

The e qu at ions deve loped in each sect ion were integra ted 

into a sys tematic mode l i ng program for t he p r ediction of the 

, pul s e  p r e s sure in the pulse j et f ab r i c  f i l te r . Figure 4 . 1 4 

i l lustrates the gener a l  p rocedure o f  the p rogram 

development . 

The f i r s t  s tep o f  the program i s  the i nput data 

preparation . I n  this s tep the i nput values r equired by the 

program are e s tab l i s hed . The input parame t e r s  inc lude 

conf igu r a t i o n  and operating parame t e r s . The conf iguration 

parameters cons i s t  o f  the diameter o f  the o r i f ice , the 

late r a l / bag spac ing , the diameter of the bag , the f r ic tion 

c oe f f i i ent o f  the bag and the perme ab i l i ty of the bag . The 

oper a ting p a r ame t e r s  are the r e servo i r  and lateral 
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1 )  I nput : 
con f i guration parameters 
Ope rat ing parameters 

1 
2 )  Prediction o f  the maximum 

pres sure in the l a teral 

1 
3 ) Pred i c tion o f  the j e t ve loc i ty 

at the bag entry 

1 
4 )  Prediction of the pul s e  pres sure developed 

at the entry o f  the bag 

1 
5 )  Predict ion o f  the pres sure di s s i pa t ing 

a long the bag 

1 
6 )  Prediction of the pulse pres sure r e f lec ted 

at the bottom o f  the bag 

F i gure 4 . 1 4 .  P rocedure o f  the program deve l opme nt for the 

dynamic mode l .  
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pres sure s and tempe rature s . Input parame ters a r e  summa r i z ed 

in Figure 4 . 1 5 ( a ) . 

The s econd step o f  the program predicts the maximum 

pre s sure in the l ater a l . The maximum pressure developed in 

the l ateral can be obtained by the s imultaneous so lution o f  

Equations ( 2 - 2 7 ) and ( 2 - 2 9 ) . Due t o  the non l inear natur e o f  

the se equations , the s o lution must be accomp l i shed by an 

iterative procedur e  where an initial va lue f o r  M3 is 

a s s umed . The te rms P
2

J P 1 and P 4 J P 1 are de termined fr om 

equat ions ( 2 - 2 7 ) and ( 2 - 2 9 ) , respective ly . The procedure i s  

repeated unt i l  the specif ied value of P 4 / P 1 i s  obtained . 

F igur e  4 . 1 5 ( b )  shows a detai led f low di agram of the program 

s tep . I nput parameters required for this s tep are the 

initi a l  reservoir and late r a l  pres sures . Output p arameters 

for this s tep are the i n i t i a l  inc ident and the ref lected 

pres sure . The ref lected pres sure is the max imum pressure 

deve loped in the later a l . 

The third step is the prediction of the j et ve loc ity a t  

the e ntry of the bag . I nputs to the mode l are the late r a l  

pressure , and the o r i f ice and the b ag di amete r s . The output 

parame ter is the j e t ve loc ity at the entry of the bag . The 

detai led f low diagram is shown in F i gure 4 . 1 5 ( c ) . 

The fourth step is the prediction o f  the pu lse pre s sure 

deve loped at the entry of the bag . The input to the module 

is the air j et ve loc ity and the output f r om the module i s  
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F igure 4 . 1 5 .  

Input 

Conf igur at ion Parame te r s : 
Or i f ic e  diame ter ( do )  
Lata e r a l - p ipe/bag spacing ( Ls l  
Bag diame ter ( db )  
Fr i c t ion coe f f ic ient ( f )  
Perme abi l ity { Pg l  
Ope r a t ing parameters : 
Res e rvoi r  pressure ( Pr )  
Late r a l  Pres sure ( P l )  
Rese rvoi r  Temperature ( Tr )  
Late r a l  Tempe rature ( Tl l  

( a )  

F low di agram of the c a lcu lat ion pr oc edure 
f o r  the dynam ic mode l . 
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Calculate 
Pressure r atio = P4 /P1 
Mach Number ratio = a 4 / a 1 

Set ini t i a l  t r i a l  value for M3 

C alculate 
'I' =  1 + ( r 4 

Calculate 

1 

2 

Calcul ate 

a 4 J' 1
M3 2  

( - ) ( - ) 
a 1 'Y 

p p 
(� ) = (...1 ) 

2 J' 4 /
(

J' 4 - 1 ) 

p
1 c pl 

f 

no 
Calculate 

3ll' ( 

i J' + 
= 

p2 :r -( 
:r + 

set new va lue f o r  M3 

( b )  

Figure 4 . 1 5 .  ( Continued ) 

87 

yes 

- 1  p2 :r - 1 
J - -

1 p
1 ll' + l  

1 p2 )- + 1 
1 p

1 

2 



Po = P 1 

2 p - ( :r; - 1 ) / J: - 1 1 2  
Mo :: [ -- { ( _

a
_ )  } ] 

:r - 1 p l  

4 

( c )  

Figure 4 . 1 5 .  ( Continued ) 

8 8  



Calculate 
M 2 = U/a l 

trial value f o r  M
5 

2 
( "s -

• + l 

Set new value f o r  

( d )  

l 

Figure 4 . 1 5 .  ( Conti nued ) 
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C a lcul ate the pressure 
deve lope d  i n  the bag a t  l o c a tion x 

4 e. = - p 
D 

g 

82 = u · c 

..3... 81 = 

2 

p + p 
o a 

4 f  

D 

A P = (' S. dt R T ) + ( � u2 
4 f  

-- · -

2 D 

C a l cu l a t e  r e f l ected pres sure 
a t  the bottom o f  the bag 

3 :.r - 1 p :.r - 1 
( ) (.2 )  

X + 1 p
l 

:.r + 1 
P

r 
= 

• - 1 p
2 ( - ) ( - ) + 1 

:.r + 1 p
1 

l .6. 
P 

r 
= P

r 
- p

a I 
6 

( e )  

F i gure 4 . 1 5 .  ( C ont i nued ) 
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Ca lculate pressure developed in the bag 
at location x due to the ref lected pres sure 

4 P o + P a Sa Pr e = pg D 2 Pa 

�2 = u E.. 

2. 4 f  
Bl = 

2 D 

Ju2 4£ 
AP = ( E. dt R 'I' ) + ( A X ) + ( u E · 4 t ) 

2 D 

Pr int : 
x , t , A P , AP/t.t 

( f ) 

Fi gure 5 . 1 5 .  ( Continued ) 
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the pres sure deve loped by the inj e cted air j et .  The 

detai led f low diagram i s  shown in Figure 4 . 1 5 ( d ) . 

The f i fth step o f  the program is the predic t ion o f  the 

pul s e  pres sure d i s s ipating a long the bag . A stepw i se 

so lution me thod was app l ied to the equations . I nput s to the 

module are the maximum pres sure deve loped at the ent ry o f  

the bag , the f r iction c oe f f ic ient , and the pe rmeab i l i ty o f  

the bag . Output f rom the module i s  the pulse pre s sure 

exerted at location x a long the bag . The deta i led f low 

diagram i s  shown in F igure 4 . 1 5 ( e ) . 

The l a s t  s tep o f  the program i s  the prediction o f  the 

pulse pre s sure ref lected at the bottom of the bag . I nput to 

the module is the pul s e  pres sure at the bottom of the bag . 

The magni tude o f  the r e f lec ted p r e s sure at location x i s  

compared w i th the magni tude o f  the inc i dent pres sure at 

location x and the l a rger va lue is reg i s tered as the maximum 

pres sure e xe rted at that location . The de tai led f low 

d i ag r am i s  s hown i n  F igure 4 . 1 5 ( f ) . 

App l icat ion of the Mode l and Compar i son with the 

Exper imental Results 

Mode l I nput s .  The mode l i s  app l i ed to a pu l se - j et 

f abric f i lter conf iguration common ly used in uti l i ty 

indus t r ie s . The conf i guration and dimens io ns o f  the sys tem 

are s hown in Chapter I I I . 
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Three values of reservo ir pre ssures ( 1 0 0 , 8 0  and 6 0  

p s i g ) , three locations o f  the bag ( bag * 1 , # 2  and # 3  are 

loc ated 1 7 , 6 4  and 1 1 0  inches f r om the re se rvo i r  

r e spective ly )  and two types of bag-entry conf i gur ations 

( type 1 :  wi thout ventur i ,  type 2 :  w i th ventur i )  are 

cons idered , w i th compari sons to expe r imenta l  results . I n  

thi s  examp le , the predi c tion o f  the ref lected pre s sure at 

the end o f  the bag was not conducted . 

Tab le 4 . 5  shows the requi red input to the mode l . The 

temper ature and the pressure are considered to be cons tant 

throughout the pul s i ng proce s s  and are a s sumed to be 70 F 

and 1 4 . 7  p s i  respect ive ly . 

Empi r i cal Correct ion Factor s  App l i ed to the Dynamic Mode l 

Emp i r i cal correction f actors . The theo retical dynam ic 

mode l deve loped in the prev i ous section does not cons i der 

the energy los ses inhe rent in thi s  type of sys tem . 

Deve lopment of a theo retical approach to e s t imate the ene rgy 

losses i s  very comp lex . Therefore , emp i r ic a l  co rrection 

f actors are introduc ed into the mode l . The mode l with 

emp i r ical correction f actors is re fered to he rein as the 

Adj usted Dynam ic Mode l ( ADM ) . The emp i r i c a l  correction 

factors incorpo rated in the dynamic model are : l )  the 

f r iction coe f f ic ient i n  the lateral , 2 )  the pre s sure lo s s  

f actor a t  the entrance of the bag , and 3 )  the pe rmeab i l i ty 

o f  the bag . The data have been co l lected to dete rmine the se 
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Table 4 . 5 .  Required i nput to the mode l .  

De s ign Parameter s : 

Ori fice diame ter , d0 ( inche s ) 

Late r a l / Bag spacing , 1 ( inche s )  

D i ame ter o f  the bag , db ( i nche s ) 

Fr iction c oe f f ic ient , f 

Pe rme abi l i ty o f  the bag , Pg ( f t / sec / i n w . g )  

Ope rating Parameter s : 

Re s e rvo i r  pres sure , Pr ( ps i ) 

Late r a l  prs sure , P 1 ( p s i )  

Re servo i r  Temper atur e ,  Tr ( 0R )  

Lateral Temper atur e , T 1 ( � )  
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f ac tors . The discu s s i o n  o f  the empirical correct ion factors 

i s  conduc ted below . 

Friction coef f i c ient o f  the lateral . The fr iction 

coe f f ic i ents we re e st imated by ( 1 )  the von Karman-Nikur ade 

formu la and ( 2 )  by experiment . The veloc ity and the den s i ty 

o f  a i r  in the lateral which are required to determine the 

Reynolds numbe r and the pres sure drop al ong the late r a l  are 

e s t imated according to Equations ( 2 - 2 7 ) and ( 2 - 3 1 ) deve loped 

f o r  a shock tube . 

( 1 )  The von K arman-N ikur ade f o rmu la ( Owc z arek , 1 9 6 4 ) i s  

wr i tten as : 

1 

4 f  

whe re : 

For 

the 

R
eD = 

� V D 

}l 

the r ange of the 

Reyno ld ' s numbe r 

( 4 - 3 0 ) 

res ervoir pressur e s  f r om 6 0  to 1 0 0  

i s  ca lculated to be f r om 9 . 7  X 1 0 5 

p s i , 

( u= 5 8 4  f t / sec , � :0 . 1 4 3  lbm / ft ) to 1 . 4 2 X 1 0 6 
( u=7 1 4  f t / sec , 

s = 0 . 3 6 lbm/ ft ) and the fr iction coef fic ient wa s determined to 

be from f=0 . 0 0 2 7  to 0 . 0 0 2 9 . 

Tab l e  4 . 6  shows the peak pres sure obse rved in the 

late r a l  for the res ervo ir pres sure o f  6 0 , 8 0  and 1 0 0p s i g . At 

60 psig o f  reservoir pres sure , a n  open- ended lateral p ipe 

is used to observe the pres sure at the end of the late r a l  
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Table 4 . 6 .  Peak pres sures obs e rved in the late r a l  for 
re servo i r  pressures o f  6 0 , 8 0 , and 1 0 0  p s i g . 

t ank 
pressure 

a ) 1 0 0  

b ) 1 0 0  

a )  8 0  

a )  6 0  

b )  6 0  

b ) * 6 0  

P 1  ( 1 7 " ) 
peak 

1 s t  2 nd 

4 5 . 4 4 
( 1 .  9 )  

P 2  ( 6 4 " ) 
peak 

1 s t  2 nd 

2 2 . 4  
( 1 .  3 )  
2 2 . 7  4 9 . 3  1 3 . 3  4 5 . 3  

1 3 . 3  2 6 . 7  1 0 . 7  2 9 . 9  

1 3 . 1  1 0 . 7  

P 3  ( 1 1 0 " ) 

s i ngle peak 

5 6 . 0  
( 1 .  6 )  
5 3 . 3  

4 1 . 2  
( 1 .  6 )  

3 0 . 7  
( 2 . 1 )  

3 2 . 0  

1 2 . 8 , 6 . 7  
doub le peak 

Note : a )  Data set A :  mu ltiple measurement ( uni t s : p s i g ) 

b )  Data set B :  s i ngle me asurement 
* open-end late r a l  
( ) s tandard devi ation 
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pipe so that it was not aff ected by the closed end . Figure 

4.1 6 is the graphical presentation of the table 4 . 6 . 

Based on the equation { A P  = { 1 / 2) 9 · u
2 

(4f / D) · 4 X ) , 

the f riction coefficients are calculated to be 0 . 0 0 21 (1 0 0  

psi f or reflected pressure) , 0 . 0 0 2 4 { 6 0  psi f or the refrected 

pressure) , 0 . 0 0 3 9 5  ( 6 0  psi f or incident pressure) , 0 . 0 0 49 5  

(6 0 psi f or the incident pressure, open-ended lateral) . 

In the determination of the f riction coef ficients, the 

predicted velocity obtained from Equation { 2 - 31 )  is used as 

mentioned previously. However, the average velocity of the 

air mass in the lateral pipe can also be determined by 

measuring the time lag between the first peak and the second 

peak of the pressure wave and the distance between the 

pressure port and the closed- end of the lateral . According 

t o  this method, the velocity of the air mass in the lateral 

pipe is calculated to be 8 0 4  f t / sec( measurement error = 

1 0 %) f or both reservoir pressures ( 6 0 and 1 0 0 psi) . The 

velocity diff erence between the reservoir pressure of 6 0  and 

1 0 0  psi was not recognized because of the limitation of 

accuracy in measurement technique . If this velocity (8 0 4  

f t / sec ) is used f or determination of the f riction 

coeff icients, the friction coefficients are recalculated as 

f ollows ; 0 . 0 01 6  (1 0 0  psi for the ref lected pressure) , 

0 . 0 01 3  ( 6 0  psi for the reflected pressure) , 0 . 0 0 21 { 6 0 psi 

f or incident pressure) , and 0 . 0 0 2 6  (6 0 psi f or the incident 

pressure, the open-ended lateral pipe) . 
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F igure 4 . 1 6 .  The pres sure deve loped in the lateral pipe 
ve r s us d i s tance from the valve . 
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I n  summary , the f r i ction coe f f ic ient ranges f rom 0 . 0 0 1 3  

to 0 . 0 0 5 .  The f riction coef f ic i ent should be cho s en 

dependi ng on the p rope r ty o f  the f low . The o r e t i c a l ly , the 

f r ic tion coe f f icient decreases as the ve locity and the 

den s i ty o f  the air incre ase s ince the f r iction c oe f f ic ient 

i s  a func t ion o f  Reyno ld ' s  number .  

Permeabi l i ty o f  the bag . The perme ab i l i ty o f  the 

f abr ics is usua l ly prov ided by the f abric manu f actur e r s  i n  

terms o f  volume f low rate ( CFM ) at 0 . 5  inches o f  water 

pres sure drop . The permeabi l i ty o f  the typ i c a l  f abric 

r ange s between 1 5  c fm and 4 0  c fm ( C . E .  B i l l ings e t  a l . , 

1 9 7 0 ) .  However ,  the s e  va lue s do not r e f lect the nature o f  

uns teady f low ,  which i s  the case i n  thi s di s cus s ion . 

The re fore , the perme ab i l i ty was determined expe r iment a l ly . 

The permeabi l i ty f o r  steady f l ow may be u sed by app lying the 

correction f ac to r  f o r  uns te ady f low . 

Figure 4 . 1 7 shows the normal i zed pul s e  pre s sure versus 

the loc ation f rom the top of the bag for a c lean bag . The 

pres sures measured at var ious location along the bag are 

no rma l i zed by the pre s sure at port 1 ( 1 . 5  ft f rom the top o f  

the bag ) . The equation f o r  the pre s sure d i s s ipating a long 

the bag is wr itten a s : 
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Figure 4 . 1 7 .  Norma l i z ed pu l s e  pre s s ure versus the d i s t ance 
f rom the top o f  the bag . 
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4 
d (  L\ P }  = -P 

D g 

Pb + P a dx 1 4 f  

---- .f a ( Pb - Pa l R T - + - �  u 2 - dx 
2P a 

u 2 D 

( 4 - 2 9 ) 

The s lope of the curve i s  a func tion of the f r iction of the 

bag sur face ( f ) , the veloc i ty of the air ma s s ( u ) , diameter of 

the bag ( D ) , and the permeabil ity of the bag ( Pg ) . The 

pres sure di s s ipation due to f rict ion ( 2 nd term of equat ion 

( 4 - 2 9 ) )  i s  cons idered to be very sma l l  compared to the 

pres sur e d i s s ipation due t o  the perme a tion . Therefore the 

f r i ction term was igno red . The aver age ve loci ty f o r  the 6 0 , 

8 0  and 1 0 0  p s i  is used for determination of permeab i l i ty 

( Pg ) .  I t  was a s s umed that the s o lenoid valve opening time 

and res ervoir pres sure did not affect the permeab i l i ty of 

the bag . S ince the pres sure at the bottom of the bag is 

a l te red ( inc reased ) by the re f lec tion at the bot tom , the 

pres sures obse rved at the bottom half of the bag we re 

omitted f rom the analys i s . Line ar regre s s ion analys i s  wa s 

app l i ed to the data and the permeabi l i ty o f  the c lean bag 

was det e rmined to be Pg=0 . 0 0 6 7  f t / sec / in w . g  ( s lope= - 0 . 2 6 

1 / f t , R=0 . 8 5 , N= 3 6 ) .  

The pre s s ur e  los s  factor at the entry of the bag . Two 

typ e s  of bag entr ance conf igur ations are cons ide r ed : type 1 :  

wi thout ventur i and type 2 :  with ventur i . Figure 4 . 1 8 

shows ca lculated ve r sus measured maximum pres sure deve loped 

in the bag . The me a sured va lue i s  substant i a l ly lower than 

1 0 1  
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F i gure 4 . 1 8 .  

0 0 

3 

(:. 00 0 
0 0  

4 5 

0 Wi thout venturi 

t:. With venturi 

6 7 8 9 1 0  
MEASURED PEAK PRES SURE ( inch of water ) 

1 1  1 2  

Ca lculated ver sus measured max imum pres sure 
deve lo ped in the bag . 
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c a lculated v a lue . There are two sources o f  erro r : ( 1 )  the 

me asured pressure is not the maximum pre s sure deve loped in 

the bag . The measured location i s  at 1 . 5  f t  f r om the top of 

the bag whe re the pres sure has a lready begun to diss ipate . 

On the other hand , the location of the c a lcul ated maximum 

pres sure i s  1 0 '' from the top o f  the bag . I t  should be noted 

that the spac ing of o r i f ice to top of the bag is f ixed based 

on the j et di ameter . ( 2 )  the pre s sur e loss at the entry o f  

the bag . The r e lationship between ca lculated and mea sured 

c an be expres sed a s : 

Pc=E1 ( Pm + E 2 ) ( 4 - 3 1 ) 

where : 

E 1 =  pressure loss c oe f f ic ient at the entry o f  the bag 

E2= pres sure di f f erence between the actual peak 

pres sure and measured pressure 

I n  order to e l imi nate the error term E 2 , The pressure 

at the calcu lated location is obtai ned by extr apo lation o f  

the expe riment a l  data . F igure 4 . 1 9 shows a correc ted mea ­

sured pres sure ve rsus calculated maximum pres sur e . Least 

Square Ana lys i s  i s  app l ied and loss f actor E l  i s  de termined 

to be 1 . 7 4 and 2 . 8 0 for the entry conf igur ation type 1 and 

type 2 re spec tiv e ly . Thi s  indicates that there are 4 3 % and 

6 4  % los s e s  respect ively for type 1 and 2 .  
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Discu s s ions o f  the Re s u l t s  

Pre s s ure deve loped in the latera l .  The �de l was ap­

plied for the three values of the reservo ir r e s s ure 1 0 0 , 

8 0 , and 6 0  p s ig . The low pres sure gas in the lateral i s  at 

atmo sphe r ic pressur e . 

Figure 4 . 2 0 ( a ) and ( b )  are typ ic a l  pre sure traces 

obse rved near the inlet o f  the later a l  pipe ( . e .  port # 1 ) 

and the c losed e nd o f  the later a l  pipe ( i . e .  port # 3 ) . The 

location o f  the po r t s  are shown in F i gure 2 . .  As shown in 

Figure 4 . 2 0 ( a ) , the pres sure trace observec ne ar the inlet 

of the later a l  pipe peaks out in two s tep s . he first peak 

i s  incident pre s sure and the second peak i s  due to the 

ref l ected shock wave . I n  this pres sure trac shown in 

F igure 4 . 2 0 ( a ) , the inc ident pres sure was mE . sured to be 2 4  

p s i g  and the press ure behind the ref lected � .ock wave was 

meas ured to be 56 psig . 

Figur e 4 . 2 1 shows the obse rved inc iden� pres sure 

( measured at po r t  # 1 ) and ref lec ted pressurE ( measured at 

por t  # 3 ) for three values of r e s e rvoir p r e s �  .res ( 1 0 0 , 8 0 , 

and 6 0  ps i ) . Theoretical curves f o r  the inc : �nt pres sur e  

( the lowe s t  curve among f ive curve s ) and r e ·  .e cted pres sure 

without f r iction lo s s  ( the top curve ) are a .  o shown in the 

f igure . 

The inc ident p r e s sure ( me asured at por # 1 ) agrees we l l  

with the the o r e t i c a l  curve si nce the me asur·  t location i s  
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I 

( a ) Port # 1  

( b )  port # 3  

Figure 4 . 2 0 .  Photograph of pres sure traces at the lateral 
pipe . 
( a )  measured near the tank ( i . e .  port * 1 )  
( b )  measured near the closed-end of the 

lateral pipe ( Pr = 1 0 0  psi , ts = 5 0  ms ) 
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c lose to the va lve . Cons equent ly , the re i s  no e f f e ct of 

f r ict ion or lo s s  of mas s . Howeve r ,  the ref lected pres sure 

me asured at the end o f  the lateral i s  much lowe r than the 

predi cted value bec ause the inc ident pres sure dec reases due 

to f r iction as it trave l s  toward the end of the later a l . 

Although the f r iction f actor was o r i g ina l ly igno red f rom the 

equations , the e f f ect o f  f r ict i on i s  recons idered by 

int roduc ing the f r iction parameter a f ter the i nc ident 

pres sure is dete rmined by Equation ( 2 - 2 7 ) I t  i s  assumed 

that the ve loc i ty and dens i ty of a i r  mas s are constant in 

the incident wave . The inc ident pres sure at the end of the 

late r a l  is cor rected by subtracting the pres sure drop due to 

f r iction and the equat ion is written as : 

where : 

1 2 4 f  

2 
� v 

D 
1 ( 4 - 3 2 ) 

P
2

c = predicted inc ident pres sure corrected for 

f r i c t i on 

p
2 

= predicted incident pres sure by Equation 2 - 2 7 . 

v = predic ted veloc ity 

s = predicted de nsity 

f = f r i ction coef f ic ient 

D = diameter o f  the late r a l  

1 = length o f  the lateral 
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Thi s  corrected incident pre s sure i s  used for prediction o f  

the ref lec ted pres sure . P redic ted ref lected pres sure f o r  

three values o f  f r i ction coe f f i c ie nt ( f =0 . 0 0 1 , 0 . 0 0 2  and 

0 . 0 0 3 ) against reservo i r  pres sure s are shown in the F i gure 

4 . 2 1 .  As the re servo i r  pres sure inc reas es , the curve 

gradual ly bends over because as the re servo i r  pre s sure 

inc re ases , the dens i ty o f  air and the veloc i ty of air mas s 

increases . Cons equent ly , the magni tude o f  pres sure drop due 

to f r ic t i on become s large r when a constant f r ict ion 

coe f f ic i ent is used . The f r iction coe f f ic ient is a func t i on 

o f  the Reyno ld ' s  number so that the f r i ction coe f f ici ent 

mus t  be var ied depend i ng on the reservoir pres sure . 

Friction coe f f i c i ents acquired by the Karman-Nikradse 

formul a  and the expe r iment a l  data r anged between 0 . 0 0 1 3  and 

0 . 0 0 5 .  S i nc e  the se va lues a l s o  involve e r r o r s  ( p rediction 

of ve loc i ty , dens ity and measurement of pres sure ( 1 2 % )  ) , 

emp i r ic a l  results o f  the f r i ct i on coe f f i c i ent s were emp loyed 

f o r  the purp ose of i l lustration of the mode l .  The se values 

we re obtained such that they prov ided an accurate predict ion 

o f  the r e f lected wave . The fr ict ion coe f f i c ients for 1 0 0 , 

8 0 , and 6 0  p s i  were de termined to be 0 . 0 0 1 5 , 0 . 0 0 2 5 , and 

0 . 0 0 3  re spec tively . More rese a rch is needed here to 

accurately predict the f r iction coe f f i c ient in the late r a l . 

I t  i s  a s sumed that the ref lec ted pres sure tr ave l s  back 

to the reservo i r  with the s ame ve loc i ty as the inc ident 
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pressure . The maximum p r e s s ure at location x in the lateral 

i s  ca lculated by f o l l owing equation : 

P - ( X ) =  P -:J :J 

whe r e : 

1 

2 

2 � v 
4 f  

-- ( 1 -x ) 
D 

P 5 = r e f lec ted p r e s sure 

� = dens ity of a i r  

( 4 - 3 3 ) 

V = ve loc ity of ai r partic le t r ave l ing towa rd the 

rese rvo ir 

f = f r iction coe f f i c i ent 

1 = length of the lateral 

x = dis tance f rom the end of the late ral 

Figure 4 . 2 2 shows the c a lcu lated versus measured 

later a l  pressur e . I t  can be conc luded that the c alculated 

pres sure agrees we l l  with the measured p r e s sure ( R
2

=0 . 8 5 ,  

N=1 5 ) . .  

Jet ve locity and pu l s e  pres sure exerted a t  the entry o f  

the baa . According to the theoret ical Equation ( 4 - 1 5 ) , the 

ve loc ity of the air j e t at the bag entry can be ca lcu lated 

for the r e s e rvo i r  pressure of 1 0 0  , 8 0 , and 6 0  psig . The 

pre s sure deve l oped by the a i r  j e t is calculated ba sed on 

Equations ( 2 - 2 0 ) and ( 2 - 2 1 ) and is compared with measured 

va lue s in the Figure 4 . 2 3 .  The pres sure loss f acto r s  

( type 1 : 4 3 %  loss , type 2 : 6 4 %  loss ) a r e  appl ied for the 
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predicted pres sure depending on the bag entry conf iguration . 

Predicted pres sure ver sus the me asured maximum p r e s sure 

extr apo rated for the c a lcul ated po int are also p lotted on 

the f igur e  ( symbo l= o ) . The ca lculated va lue agrees 

reasonably we l l  with the measured va lue . 

Pu l s e  pres sure d i s s ipat ing a long the bag . The pu l s e  

pres sure di s s ipating along the bag can be de scr ibed by 

Equation ( 4 - 2 9 ) and written as : 

4 
d (4 P )  = - P  

D g 

( 4 - 2 9 ) 

S ince � a , R , T  are constant , and P
b 

i s  ne ar ly equal to P
a

' 

the equat ion can be rewr itten as : 

4 dx 
d (  P )  = - P  K - + 

D g 
u 

whe r e : 

p
b 

- p
a 

K = 4 R T 
2P

a 

1 4 f  
g u

2 
dx 

D 
( 4 - 3 4 )  

2 

By exam in i ng paramete r s  in the equat ion , the f o l lowing 

observation can be made . 

dx 

( 1 )  As the ve loc ity o f  the f low decre a s e s , the d i s s ipation 

rate in the f i r s t  term increas e s . Thi s  indicates tha t mor e  

air i s  a l l owed to pe rmeate unt i l  the a i r  ma s s  re ache s the 

1 1 3  



bot tom of the bag. On the other hand , the second term of 

the equation due to f riction decreases. Therefore , the 

velocity af fects the pressure dissipation in opposite 

directions for the first and second terms. Therefore the 

first and second terms seem to be compensating each other in 

the range of velocity considered. 

(2) When the bag diameter increases , the first and the 

second term in the equation decrease. Consequently , the 

rate of pressure dissipat ion decreases . 

( 3 )  Permeation coef f icient directly controls the rate of 

pulse pressure dissipation. When the permeation coef ficient 

i ncreases , the rate of pressure dissipati on increases. 

Based on the above observat i ons , i t  is concluded that 

the friction term contributes very litt le to the pulse 

dissipation. Since the friction term was excluded from the 

equation , the velocity in the first term is considered to be 

constant. Then the equation can be simpli f ied t o  

K 

D 
P

g 
(A P )  dx d(A P ) = - -

I nt egat ing the equation 

K 
P (x ) = P

i 
exp( 

D 

( 4 - 3 5 )  

( 4 - 3 6 ) 

This f orm of the equation is applied for the experimental 

data. 
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Figure 4 . 2 4 shows the pres sure exerted along the bag 

for bags # 1 ,  # 2 , and # 3 . The data is acqu i red f r om s t andard 

sys tem conf iguration wi thout ventu r i  at 1 0 0  p s i g  reservo i r  

pres sure . The s o l i d  l i ne s  show the ADM ( Equat ion 4 - 3 6 ) 

predi cted pres sure ( Pg = 0 . 0 0 6 7  f t / sec / inch w . g . , d = 0 . 5  

f t , entry lo s s  = 4 3 % ) . 

F igure 4 . 2 5 shows the pre s sure exe rted al ong the bag 

f o r  bags # 1 ,  # 2 , and # 3 . The data is acqui red f r om standard 

sys tem conf igurat ion with ventur i at 1 0 0  p s i g  r e s e rvoir 

pres sure . The s o l id l i ne s  show the ADM ( Equat ion 4 - 3 6 )  

p redi cted pres sure ( Pg = 0 . 0 0 6 7  f t / sec / inch w . g ,  d = 0 . 5  

ft , entry lo s s  = 6 4 % ) . 

F igure 4 . 2 6 shows the pres sure exerted along bag # 2  for 

three values o f  va lve opening t ime ( 5 0 , 7 5 , and 1 0 0  ms ) The 

data is acqui red from s t andard sys tem con f i guration with 

ventur i at 1 0 0  ps ig reservo i r  pres sure . The s o l i d  l i ne s 

s how the ADM ( Equat ion 4 - 3 6 ) predicted pres sure ( Pg = 0 . 0 0 6 7  

f t / sec / inch w . g . , d = 0 . 5 ft , entry l o s s = 6 4 % ) . 

F igure 4 . 2 7 shows the pres sure exerted along bag # 2  for 

three value s o f  va lve opening t ime ( 5 0 ,  7 5 , and 1 0 0  ms ) The 

data is acqui red from s t andard sys tem conf iguration with 

ventur i at 8 0  ps ig res ervo i r  p r e s sure . The s o l id lines 

s how the ADM ( equat ion 4 - 3 6 ) pr edic ted pres sure ( Pg=0 . 0 0 6 7  

f t / s e c / inch w . g . , d=0 . 5  ft , entry lo s s  = 6 4 % ) . 

F igure 4 . 2 8 shows the pres sure exerted al ong bag # 2  for 

three va lue s o f  valve open ing time ( 5 0 ,  7 5 , and 1 0 0  ms ) The 
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data is acquired f rom s tandard system conf igur ation with 

venturi at 60 psig r e s e rvoir pres sure . The s o lid lines 

show the ADM ( equation 4 - 3 6 ) predicted pres sure ( Pg= 0 . 0 0 6 7  

f t / sec/ inch w . g . , d=O . S  f t , entry l o s s = 6 4 % ) . 

F igure 4 . 2 9 show s the pul s e  pres sure exert ed a long 

the bag for a dirty sys tem ( short lateral = 2 1 " , hous ing 4 

bags ) .  I t  should be noted that the system c onf i gur ation i s  

d i f f e rent f r om the s t andard syst em and direct compar i s on 

w i l l  not be made . The ADM i s  app l i ed f o r  the data o f  4 "  

lateral / bag spac ing , 1 0 0  p s i  r e s e rvoir pre s sur e . The predi ­

c ted va lue i s  s hown in s olid line ( Pg=0 . 0 0 6 7  f t / s ec / inch 

w . g ,  entry l o s s = 4 3 % ) . 

As a r e f e rence , a comparison i s  a l s o  made o f  the mode l 

to Humphr i e s  and Madden ' s  dat a ( l 9 8 1 ) . Thi s i s  s hown i n  

Figure 4 . 3 0 The pul s e  pres sure s were measured f o r  three 

values ( 1 2 0 , 8 0 , and 4 0  psig ) of res ervo i r  p r e s s ur e . The 

mode l is app l i ed for the r e s ervo i r  pres sure o f  8 0  psi ( Pg = 

0 . 0 0 6 7  f t / s ec / inch w . g . , entry lo s s = 4 3 % , D = 4 . 3 " )  

Figure 4 . 3 1 shows the ca lculated ver sus measured 

pres sure deve loped in the bag ( R2 = 0 . 6 8 ,  N=8 3 ) .  S ince the 

ref lected p r e s sure at the bottom of the bag was not 

cons ide red in the mode l ,  the predicted pres sures are always 

lowe r than the me asured va lue in the region of the bottom 

half of the bag . 
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I t  can be conc luded that the mode l ( ADM )  i s  ab le to 

predict the exponent i a l  nature o f  the pres sure d i s s ipation 

mechanism and the pre s su r e  deve loped at the top port ion of 

t he bag . 
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CHAPTER V 

CONCLUS I ONS 

A predictive mode l f o r  the pulse pres sure in a pul s e ­

j et fabri c  f i lter h a s  been deve loped . Two types of mode l s  

a r e  pres ented : Simp l i f ied Static Model and Dynamic Mode l .  

The S imp l i f ied S t at i c  Model treats the system as a 

series o f  spherical tanks in which the p r e s sure deve lops 

uni formly throughout each tank . Each tank i n  series is 

connected by a valve . Then , the mas s  ba lance equation i s  

app lied f o r  the sys tem and so lved nume r ic a l ly . The 

p redicted pres sure and the pres sure wave p attern agrees 

we l l  with the pressure tr ace observed at the lateral and the 

bag . Sensitivity ana lys is has been conducted to evaluate 

the e f fect of c onf igurations and operating parameters . 

The dynami c  model i s  deve loped to predi ct the local 

pres sure deve l oped in the system . The reservo i r / late r a l  

sys tem i s  cons ide red as a s imp le shock tube and the theory 

of a s imp le shock tube i s  app l ied to the sys tem to predic t 

the maximum pres sure deve l oped in the late r a l . Then , the 

maximum pres sure developed at the entry o f  the bag i s  

predic ted based o n  the ve loc ity o f  the i n j ected air . The 

pres s ure deve loped at the top of the bag di s s ipates along 

the bag due to the permeation o f  a i r  mass through the bag 

surface . The mas s bal ance equation i s  app l i ed to the ma s s  

of air t r ave l ing along the bag . Emp i r ical correct ions are 
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app l ied to the dynamic mode l due to the c omp lexity o f  the 

theoretical treatment . The emp i r ic a l  correction f actors 

introduced are the f r ic tion coe f f ic ient in the lateral p ipe , 

p re s sure l o s s e s  at the bag entrance , and the pe rme ab i l i ty o f  

the bags . The mode l ( ADM) c lear ly exp lains the mechani sm o f  

the loc a l  pres sure deve lopment in the l ater a l  and the 

exponent i a l  decay o f  the pul s e  pres sure a long the bag . 

The proposed mode l s  provide valuab le information to the 

des igner and user of pu l s e - j et f abr ic f i lte r s . The mode l s  

c a n  b e  emp loyed t o  a s s i s t  i n  the des ign o f  the pul se - j e t 

f abric f i lter , to under s t and the behav ior o f  the system , and 

to predict the per f ormance due to the change o f  an ope rating 

c ondi tion within the constr aints imposed by the as sumptions 

and/or emp i r ic a l  correcti ons conta ined in the mode l s . 

Also p r e l iminary c onc lus i ons have been dr awn regarding 

the e f f ec t  o f  the ventur i .  The ventur i , a s  emp loyed in 

pul se - j e t f abric f i lte r s , was o r igina l ly i ntended to prov ide 

1 )  pres sure recovery of the air j e t ,  2 )  e ntr ainme nt o f  

addit iona l a i r  and 3 )  redi rection o f  the a i r  f low i n  c a s e s  

whe re the re may have b e e n  a s l ight misalignment o f  the 

late r a l / bag . Howeve r ,  it was f ound in thi s s tudy that the 

venturi c auses adverse e f fects on the bag pres sure . 

Expe r imenta l  results indi cated that the maximum pr e s sures 

f o r  the system with a venturi were lowe r than the maximum 

p r e s sur e s  observed f o r  the sys tem without a ventur i .  When 

the ventur i is not app lied or de s igned prope r ly ,  the ventur i 
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may act a s  a r e s i s tanc e r ather than as o r igina l ly intended . 

Therefore , s ome caution mu s t  be taken to uti l i z e  the ventur i 

e f fectively . Although the venturi produced a lowe r pre s sure 

in the bag , i t  would be p remature to conc lude that the 

ventur i shou ld be e l iminated , s ince it a l s o  func t ions to 

re - a lign the direction o f  a poo r ly a l igned late r a l  p ipe . 

Further s tudy i s  needed to de termine the long - te rm 

e f fec tivene s s  o f  the ventur i . 

Limitations o f  the P ropo sed Mode l s  and Recommendation f o r  

The i r  Improvement . 

The p roposed mode l s  are ab le to predict the pul se 

p re s sure deve loped in the pu lse - j et f abric f i lter and are 

ab le to de scr ibe the behavior o f  the pulse - j e t sys tem . The 

mode l s  are particula r ly use ful for the pre l iminary de s ign o f  

the sys tem and p rediction o f  performanc e change s due a 

change in de s i gn parame t e r s  and operat ing condi tions . The 

p roposed mode l s  provide suff ic ient inf ormation to s a t i s f y  

the needs i n  the practical engineer ing f i e ld . Howeve r ,  

the re are s ome cases in which mo re accurate information may 

be required . I n  such cases , a more comp lex mode l may s t i l l  

b e  needed . 

The proposed mode l s  have some limi tations as a result 

o f  the as sumptions made in the cour se of mode l development . 

As sumptions introduced are : 
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( 1 )  Friction force and lo s s  of mas s  can be ignored for the 

f low in the later a l . 

( 2 )  Prope r t i e s  of f low a t  the entry o f  the bag c a n  be 

determined based on mas s  ba lance equations . No a i r  

ent r a inment i s  cons ide red . 

( 3 )  Pres sure loss at the entry o f  the bag i s  proportional 

to the magni tude of p r e ssure deve loped at the e ntry of 

the bag . An emp i r i c a l  c o r rection has been determined 

for the l atera l-pipe / bag c onf igur ation used in thi s 

s tudy . This correct ion may not be the s ame for 

di f fe r e nt conf igur at ions and requi res furthe r 

inves t igation . 

( 4 )  Maximum p r e s sure i s  deve loped at 1 0  inches ( Ki r s hner 

and Kat z , 1 9 7 5 ) f r om the late r a l  for this conf igur ation . 

Whi l e  this can be ca lculated for any conf igur ation , it 

ha s not been incorpor ated into the pres ent mode l .  

( 5 )  Pre s sure drop due to f r ict ion i s  neg ligible compared 

to the p r e s sure l o s s  due to lo s s  of mas s  a s sociated 

with the pe rmeabi l i ty of the bag . ( 6 )  Momentum and 

ene r gy equ ations are igno r ed for the prediction of the 

pul s e  pres sure di s s ipation a l ong the bag ( i . e .  e f f ect of 

ve loc ity change was not cons ide red ) .  

The se a s s ump ti ons a r e  introduc ed because o f  the comp l exity 

of the theo r e t i c a l  tre atment and exp e r ime ntal approach in 

order to s imp lify the s o lution me thod . The refore , furthe r 

e f fort should be made in the s e  areas to improve the mode l s . 
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Future Re s earch Needs 

App lication of a mor e  r e l i ab le theory . The f l ow 

mech ani sm between the late r a l  p i pe and the bag i s  very 

comp lex invo lving seve r a l  d i f ferent f low proces ses . The 

high pres sure a i r  in the late r a l  p ipe i s  expanded to the 

atmo sphe r i c  pres sure entrai ning surrounding air ; the 

pres sure o f  the air j e t i s  then recovered by the venturi at 

the entr ance o f  the bag . A l s o , a sma l l  di f f e r ence in entry 

conf iguration s uch as bag a l ignment and / o r  i n s t a l l a t i on o f  

a venturi wi l l  affect the magni tude o f  the pres sure 

deve l oped at the entry o f  the bag . Therefo r e , it is very 

d i f f icu lt to obtain the f low prope r t i e s  and ene rgy l o s s e s  at 

the e nt r ance of the bag . 

A mo r e  r igo rous theory should be deve loped to determine 

the f low prope r t i e s  and the pres sure l o s s  incur red at the 

entranc e of the bag . Unt i l such theory has been deve loped , 

an empi r ic a l  l o s s  c oe f f i c ient mus t  be used . 

Improvement of s o luti on me thod . In order to improve 

the accur acy of the mode l , the governing equat ions for 

uns teady f low must be s o lved wi thout introduc ing 

a s s umpti ons . A sy stem o f  non-homogeneous qua s i - l ine ar 

part i a l  d i f f e renti a l  equat ions may be so lved nume r ic a l ly by 

emp loying f in i te e l ement and f i nite d i f f e r ence methods . 

The se numer i c a l  me thods require inf ormat ion : o r  the i n i t i a l  
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and the boundary conditions . For examp le , the lo s s  o f  ma s s  

through the o r i f ice , the bag sur f ac e , and the f r ict ion 

coe f f ic ie nt mus t  be de s c r ibed as a function of f low 

propert i e s . 

Expe r imental data . Expe r iment s should be conduc ted to 

provide the data for deve loping the theory and so lut ion 

me thod . Part icular ly , data o n  ( a )  f low prope r t i e s  ( u , P )  at 

t ime t in the late r a l  and bag , ( b )  p r e s sure lo s se s  for 

various bag entry conf igurations , ( c )  f r ic t ion coe f f icient s , 

and ( d )  pe rme ab i l ity . 
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APPENDIXES 



Appendix A 

Data mat r ix o f  the experime nt and examp le 

pho togr aphs of pu l s e -press ure wave . 



Expe rimental Data 

The exper iment a l  dat a cons i s t s  o f  two kinds of dat a 

sets : c lean bag and di rty bag test data . 

The dat a of the c lean bag test was u t i l i zed to 

charac t e r i z e  the pul s e  pres sure exe r ted a long the bag unde r 

variou s  de s ign and ope rating condit ions . Also , the 

predict ive mode l for the pul s e  p r e s sure exerted ins ide o f  

the b a g  w a s  deve loped b a s e d  on thi s data . The data mat r ixe s 

o f  the expe r iments are shown in Tab l e s  B . l ,  B . 2 ,  and B . 3 .  

The me asured parameter was the pul s e  pressure at various 

loc ations a long the bag and the late r a l  pipe . 

The data o f  the dirty bag test was ut i l i zed to examine 

the e f fect o f  pul s e  c har acte r i s t i c s , which was identi f ied by 

the c lean bag test , on the system e f f i c iency and pres sure 

drop . The me asured parame ters are the sys tem e f f ic i ency and 

p r e s sure drop in addi tion to the pul s e  pres sure exe r ted 

ins ide of the bag . The data mat r ix o f  the expe r iment i s  

shown in Tab le B . 4 .  

The photographs o f  the pre s sure wave f o r  run No . 0 1  o f  

t e s t  ( A ) we re inc luded in thi s  section a s  a n  examp le . 
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Tab l e  A . l .  C le an bag t e s t  ( A ) 

Run No . 0 1  0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  1 0  

Pe rmeable bag X X X X X X 

Impermeab le bag X X X X 

Ope n-ended bag X X 

C l o s ed- ended bag X X X X X X X X 

Re servo i r  P r e s sure 
1 0 0  p s i  X X X X X X X X 

8 0  p s i  X 

6 0  p s i  X 

B ag length 
1 2  f t  X X X X X X 

9 f t  X X 

6 f t  X X 
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Table A . 2 Latera l  pipe tes t  

Run No . 1 2 3 4 

Tank Pres sure 
1 0 0  p s i  X 

8 0  p s i  X 

6 0  p s i  X X 

C lo sed-ended 
lateral pipe X X 

Open-ended 
lateral p ipe X 
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Table A . 3 Clean Bag Test ( B )  

Run No . 0 1  0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  1 0  1 1  1 2  1 3  1 4  

W i th ventu r i  X X X X X X X X X X 

Wi thout ventur i X X X 

lateral pipe /bag 
spac ing 4 "  X X X X X X X X X X X X 

8 "  X 

1 2 "  X 

The late r a l  pipe 
diameter 1 1 / 2 "  X X X X X X X X X X X X 

2 "  X X 

Re s e rvoir 
pre s sure 1 0 0  p s i  X X X X X X X X 

8 0  p s i  X X X 

6 0  p s i  X X X 

Pul s e  dur ation 
5 0  ms X X X X X X X X 

7 5  ms X X X 

1 0 0  ms X X X 

Note : Spe c i a l  tests were also conduc ted . For example , 
var i ou s  type s o f  the bag entr ance conf igurations 
were tes ted . 
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Table A. 4 Dirty Bag Test ( c ) 

Run No . 0 1  02 03 04 05 06 07 08 09 1 0 1 1  1 2 

Air to cloth 
ratio 3 . 0  X X X X X X X X 

6 . 0 X X X X 

Dust size (mmd) 
9 .0 X X X X X X X X X 

5 . 0 X X 

Lateral pipe/bag 
spacing 4" X X X X X X 

1 2 "  X X X 

20" X X X 

Type of f abrics 
Felt X X X X X X X X 

Fiberglass X X X X 

With venturi X X X X X X X X X X 

Without venturi X X 
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Data De scription 
. s tandard system 

conf iguration 
. operating conditions : 

reservoir pres sure =100 p s i  
pulse time = 5 0  ms 

. convers ion f ac tors : 
4 . 8  p s i / v  for the l ateral pres sure 
9 . 8 " H

2
0/v for the bag pres sure 

. bag dimensions : 
6 "dia . X 1 2 ' L  

. pres sure port : 
7 port @ 1 .5 f t  

• time = 50 ms / div . 
· pulse pres sure = 5 v /div . 
· bag pres sure = 0 . 1 v / div . 

port lt1 
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I I . I  i 
I 

I 

port # 2  

port # 3  
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----- -- ----- -- ------

port # 4  

port # 5  
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----- ------ ----- -- - ·--- - -- -- -

port !t 6  

port !t 7  
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Appendix B 

C omputer program 



5 REM program name : PMPP 
1 0  REM The Pred i c t ive Mode l f o r  the pulse pressure 
20 REM in a pulse - j et Fabric F i l t e r  
3 0  REM by s .  Mit sutomi May 1 9 8 6  
4 0  KEY OFF : SCREEN 0 l : COLOR l S , O , O : WI DTH 4 0 : CLS 
60 COLOR l O , O : LOCATE 4 � 3 L O : PR I NT CHRS ( 2 1 3 ) +STRING$ ( 3 0 � 2 0 5 ) +CHR$ � 1 8 4 ) 
7 0  LOCATE 5 , 3 , 0 : PRINT cH�<$ ! 1 7 9 !+ "  Pred i c t i ve Moae l ' +CHR$ ( 1 7 9 ) 
8 0  LOCATE 6 , 3 , 0 : PRINT CHRS 1 7 9  +STRING$ ( 3 0 3 2 ) +CHRS ( l 7 9 )  
9 0  LOCATE 7 , 3 , 0 : PRINT CHR$ 1 7 9  +" for the P u l s e  P r e s sure " +CHR$ ( 1 7 9 ) 
9 5  LOCATE 8 3 O : PRINT CHRS 1 7 9  +STRING$ ( 3 0 3 2 ) +CHRS ( 1 7 9 ) 
1 0 0  LOCATE 9 6 � � 0 : PR I NT CHR ( 1 7 ) +" in a Puis e - Je t  F ab r ic Fi lter " +CF.R$ ( 1 7 9 ) 
1 0 5  LOCATE 1 , � , O : PRINT CHR$ ( 2 1 2 ) +STR!NG$ ( 3 0 , 2 0 5 ) +CHR$ ( 1 9 0 )  
1 3 0  REM 
2 0 0  COLOR 1 4  0 
2 8 0  LOCATE 1 � , 3 , 0 : PR! NT " Mode l Se lections : " 
2 9 0  LOCATE 1 6 , 3 , 0 : PR!NT " 1 - S imp l i f ied Static Mode l "  
2 9 5  LOCATE 1 8 , 3 , 0 : PRINT " 2 - Dynamic Mode l "  
3 0 0  LOCATE 2 4 , 3 , 0 : PRINT " ES C  KE Y  - EXIT" 
3 1 0  LOCATE 2 5 , 3 , 0 : PRINT " ENTER NUMBER OF THE PROGRAM" 
3 4 0  REM 
3 5 0  K$ = INKEY$ : I F KS 
3 6 0  KS = INKEYS : I F K$ 
3 8 0  IF MID$ ! Ki , 1 , 1 � = 
3 9 0  IF MID$ K , 1 , 1  = 
5 5 0  IF MID$ K , 1 , 1  = 
5 6 0  GOTO 1 0  

< >  " "  THEN GOTO 3 4 0  
= " "  THEN GOTO 3 6 0  
" 1 "  THEN CHAIN " s sm" 
" 2 "  THEN CHAIN " adm" 
CHRS ( 2 7 ) THEN GOTO 5 7 0  

5 7 0  SCREEN O , l : COLOR 7 , 0 : CLS : END  
1 0 0 0  GOTO 1 0  
-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x- x -x-x-x-x-x-x-x 
5 REM program name : ssm 
6 REM . . . s imp l i f ied static mode l 
7 W I DTH 8 0 : KEY OFF 
1 0  REM not a tions 
20 R&� l . . reservo i r  
2 1  REM 2 . .  lateral 
22 REM 3 . .  bag 
2 3  REM 4 . .  va lve 
2 4  REM 5 . . o r i f ice 
2 5  REM 6 . . bag surface 
2 6  REM 9 . . bag i n l e t  
9 9  HC=O 
1 0 0  REM 
1 1 0  G=l . 4 
1 1 5  C= 3 2 . 2  
1 2 0  R= 5 3 . 3  

cons t ants 

1 2 5  F=27 . 6 7 5 6  
1 3 0  G 1 = 2 / ( G- 1 )  
1 3 5  G 2 = - ( G - 1 UG 
1 3 9  REM vo .�.urne 
1 4 0  V1 = . 9 2 
1 4 5  V2 = . 1 2 0 9  
1 5 0  V3 = 2 . 3 5 6 2 * 1 4  
1 5 4  REM �ressure 
1 5 5  P 0 = 1 4 . 7  
1 6 0  P 1 =P 0 + 1 0 0  
1 6 5  P2=PO 
170 P 3 =P O  
1 7 4  REM temperature 
1 7 5  T0 = 5 3 0  
1 8 0  T 1 =T O  
1 8 5  T 2 =T O  
1 9 u  T 3 =TO . 
1 9 4  REM . . .  area of the valve ( 1 . 5 " dl.a . ) 
1 9 5  A 1 = 1 . 7 6 7 / 1 4 4  . .  
1 9 9  REM . . .  area o f  the o n . f 1.c e s  ( 3 / 8 " x 1 4  ho les l 
2 0 0  A 2 = 1 . 5 4 6 / 1 4 4  
2 0 4  REM area o f  a bag sur f ac e  
2 0 5  A 3 = 2 7 1 4 . 3 * 1 4 / 1 4 4  
2 0 7  REM a r e a  of a bag i n l e t  
2 0 8  A9 = 2 8 . 2 7 4 * 1 4  
2 0 9  REM permeabi l i ty 
2 1 0  K= . 5 / 3 5 / 6 0  
2 1 4  REM t ime increment 2.1 5 D= . 0 0 0 5  
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2 1 6  REM • . .  va lve opening t ime ( ms ) 
2 1 7  TM= l O O  , 2 2 0 REM . • . .  d i s p l ay �r.put data 
2 2 1  COLOR 14 O : C LS 
2 2 5  PRI!-<T " f nput Data : "  
2 2 6  PRINT " II 

2 2 7  PRINT ----------------
2 3 0  PRINT " 1 -constants g=" ; G ; "  
2 3 1  PRINT 

c = " ; C ; "  R=" ; R ; "  f = " ; F  
2 3 5  PRINT " 2 - volumes : V l = " ; Vl ; "  V 2 = " ; V2 ; "  V 3 = " ; V3 
2 3 6  PRINT 
2 4 0  PRINT " 3 - prtessurs : P O = " ; P O ; "  P l =" ; P l ; "  P 2 ='' ; P 2 ; "  P 3 = " ; P 3 
2 4 1  PRINT 
2 4 5  PRI!-<T " 4 - temperature s : T l = " ; T l ; "  T 2 = '' ; T2 ; "  T 3 = ; T3 
2 4 6  PRI!-<T 
2 5 0  PRINT " 5 - areas : l>. l = " ; Al ; "  1>.2=" ; A2 ; "  A 3 = " ; A 3 ; "  A 9 = " ; A9 
2 5 1  PRINT 
2 5 5  PRINT " 6 - permeab i l i ty : K=" ; K  
2 5 6  PRINT 
2 6 0  PRINT " 7 - program parmete r s : d= " ; D ; "  tm= " ; TM ; "  he= " ; HC 
2 6 1  PRINT " " 
2 6 2  PRINT --------------------------------------------------
2 6 3  PRINT " Any c hang e ?  enter number of the data record . " 
2 6 4  I !-<PUT " no change = [ ente r ]  " ; K$ 
2 6 5  I F  K$ < >  "" THEN GOSUB 4 0 0 0  
2 9 9  REM loop for t ime 
3 0 0  REM • . . . •  RESERVO I R \ LATERAL 
4 0 0  Rl=P 2 / P l  
4 6 0  LPRINT " t ime tank ( ps i l  latera l ( ps i )  bag - inle t ( inch h 2 o ) "  
4 6 5  REM * * * excution 
470 REM loop for time 
4 8 0  R�� . • . . .  RESERVOI R \  LATERAL 
4 9 0  R l =P 2 / P l  
5 0 0  I F  R l < . 5 2 8  GOTO 8 0 0  
5 1 0 REM non c r i ti=al 
5 2 0  P 4 = P 2  
5 3 0  S 4 =SQR ( G l * ( Rl - G2 - l ) ) 
5 3 5  I F  X � > TM  THEN 5 4 = 0  
5 4 0  GOTO 1 0 0 0  
7 0 0 R�� • • • • •  CRITI CAL 
8 0 0  P 4 = . 5 2 8 * P l  
8 1 0 S 4 = 1  
8 1 5  I F  X l >TM TH �  5 4 = 0  
1 0 0 0  T 4 =Tl / ( l + S 4  2 / Gl ) 
1 0 1 0  S 4 = S 4 * SOR ( G* C * R*T4 ) 
: 0 2 0  M l =l>. l * S � * P 4 / I R*T4 ) 
: 0 3 0  D 1 = ( - 1 ) * M 1 * R *T l /Vl 
1 0 4 0  P 1= l? l +D l * D  
1 1 0 0  REM . . . .  LATERAL\ ATMOSPHERE 
1 2 0 0  R2 = P 0 / P 2  
1 2 0 5  I F  R2 < . 5 2 8  GOTO 1 8 0 0  
1 2 1 0  REM non- c r i t i c a l  
1 2 1 5  P 5 = P O  
1 2 1 8  I F  R 2 > 1  GOTO 3 0 1 0  
1 2 2 0  S 5 =SQR ( G l * ( R2 G 2 - l ) )  
1 2 2 5  GOTO 2 0 0 0  
1 8 0 0  P 5 = . 5 2 8 * P 2  
1 8 0 5  S 5 = 1  
1 9 0 0  REM 
2 0 0 0  T 5 =T2 / ( l +S 5 - 2 / G l ) 
2 0 0 5  S 5 =S 5 * SQR ( G *C *R * T 5 ) 2 0 1 0  M2=A2 * S � * P 5 / I R*T5 ) 
2 0 1 5  D 2 = ( M l - M 2 ) * R*T2 / V 2  
2 0 2 0  P 2 = 1? 2 +D 2 * D  
2 0 2 1  REM . . . . .  BAG 2 0 2 2  P 9 =M2 * S 5 / ( C * A9 ) * F* l 4 4 
2 0 2 5  S 6 =K* I P 3 - PO ) * F 
2 0 3 0  M 3 = A 3 * S 6 * P 3 / I R*T 3 l 
2 0 3 5  J 3 = ( M2 - M3 ) * R * T 3 ! V 3 
2 J 4 0  P 3 = P 3  ... D 3 * D 2 0 5 0  P 8 = ( P 3 - P O ) * F 
2 0 5 5  REM i f  bag pressure > t he oressure of t he a i r  j e t  
2 0 5 6  RL� t h e n  o a g  �re s sure = pressure of the a i r  j e t 
2 0 5 7  BAGP:PB 
2 0 5 8  !F P 9 < P 8  �EN BAGP:P9 
2 0 5 9  I F  P 8 < P 9  THEN BAGP= P 8  2 0 6 0  Y l -y * J Q O O  
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2 0 6 5  I F  P 2MAX < P 2  THEN P 2MAX=P 2  
2 0 6 6  I F  E PMAX < EAGP THEN E PMAX=BAG P  
2 0 7 0  I F  HC= l  THEN L P R I NT USING ·· � � � � � - � � " ;  X l , P l , P 2 , P 9 , P 8 , EAGP 2 0 8 0  X=X+D 
2 9 9 9  REM loop end 
3 0 0 0  GOTO 4 9 0  
3 0 1 0 PRINT " the max imum p r e s sure developed i n  the l a t e r a l  p i p e "  
3 0 1 5  PRINT " . . .  " ;  P 2 MAX ; " p s i a "  
3 0 2 0 PRINT " the maximum p r e s s r e  deve l oped in the bag" 
3 0 3 0  PRINT " • • .  " ; EPMAX · " inch o f  wa t e r "  
3 0 4 0 I NPUT " e n ter 1 t o  continue " ; Ki 
3 0 4 2  I F  K $ = " 1 "  THEN CHA I N  " pmpp" 
3 0 4 4  IF K$ < >  " 1 "  GOTO 3 0 4 0  
3 0 5 0 END 
4 0 0 0  REM . . . . .  data 
4 0 1 0  I F  K $ = " 1 "  THEN 
4 0 2 0  I F  K $ = " 2 "  THEN 
4 0 3 0  I F  K $ = " 3 "  THEN 
4 0 4 0  I F  K $ = " 4 "  THEN 
4 0 5 0  I F  K $ = " 5 "  THEN 
4 0 6 0  I F  K $ = " 6 "  THEN 
4 0 7 0  I F  K $ = " 7 "  THEN 

input 
INPUT " enter 
INPUT " enter 
INPUT " enter 
INPUT " enter 
I NPUT " enter 
INPUT " enter 
INPUT " enter 

g 1 c , r , f " ;  G f ChR , F  
v , v 2 , v 3 ' ;  V , v 2 , V3 
p0 , p 1 , p 2 h p3 "

i· P O , P l , P 2 , P 3 , P 4 
t l , t 2 , t 3  ; T .t.T2 , T 3  
al , a 2 , a3 , a 4 , a ::. " ; A1 , A2 , A3 , A4 , A9 
k " · K  

4 1 0 0  RETURN 2 2 0  -x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-
5 REM Dynamic Model 

d , tm" ; D , TM , HC 

6 REM prog . name : adm 
1 0  REM constants : 
1 3  C 0 = 2 7  . 6 7 5 6  
1 5  E= . 0 0 0 1  
2 0  G l = l . 4 
2 5  G 4 = 1 . 4  
3 0  T l = 5 3 0  
3 5  T4 = 5 3 0  
4 0  R 1 = 5 3 . 3  
4 5  R 4 = 5 3 . 3  
5 0  REM . . . data i nput 
5 5  GOSUB 9 0 0 0  
6 0  REM . . 1 
6 5  O=P4 / P  
7 1  )5; 1 =G l * R l *T1 
7 5  A 4 =G 4 * R4 *T4 
80 AO=A4 / A 1  
8 5  J 1 = ( G l + l l / ( 2 *G 1 ) 
9 0  J 2 = 2 * G 4 /  G4 - 1 )  
9 5  J 3 = ( G l + l  / ( G1 - l )  
1 0 0  REM . . . the pres sure in the lateral p ipe 
1 1 0  GOSUB 1 0 0 0  
2 0 0  REM . • .  the veloc i ty o f  a i r  j et 
2 1 0  GOSUB 2 0 0 0  
3 0 0  REM . . .  c a lculate pres sure deve loped by the i n j ected 
3 0 5  REM . . .  a i r  j e t 
3 1 0 GOSUB 3 0 0 0  
4 0 0  REM . . . cons ider the o r e s sure los s  a t  the entrance of the bag 
4 1 0  IF TP=1 THEN DPO=DP 2 � PL C 1  
4 1 5  I F  TP=2 THEN DPO=DP 2 * P L C 2  
� 0 0  REM c a l9ulate t h e  p � e s sur � d i s s ipated a long the bag 
� 1 0  REM . . . l f  �. pg , f lS not known , use eq . 4 - 3 6  
5 2 0  I F  I NFB=O �rtEN GOSUB 5 0 0 0  
5 3 0  REM . . . i f �. pg�_f is known , us e  eq . 4 - 2 9  
5 4 0  I F  INFB= l l rt�� �SUB 6 0 0 0  
6 0 0  R EM  . . .  c a lculate ref lected pres sure a t  the bottom o f  the 
6 0 5  REM . . .  bag ( eq .  2 - 2 0 ) 
6 1 0  GOSUB 7 0 0 0  
7 0 0  Ru� . . . cons ider the e f fect o f  ref lec ted pres sure a t  the bot tom 
7 0 5  XEPR=RRR * EXP ( - DRC * ( E L - XBG ) / DOJ ) 
7 1 0  I F  XBP < XBPR THEN XBP=XBPR 
8 0 0  R�� . . .  disp lay t h e  r e s u l t s  and d a t a  g e n e r a t i o n  f o r  
8 0 5  RS� . . . graphics 
8 1 0  GCSUB 9 8 0 0  
8 9 0  INPUT " e nter 1 to cont i nue " ; K$ 
8 9 1  I F  :( $ = " 1 "  THEN CHAIN " pmpp" 
8 9 2  I F  K$ < >  " 1 "  GOTO 8 9 0  
q n n  :::"ND 
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999  REM * * *  subroutines 
1 0 0 0  REM . . . . . ca lculate the pres sure in the lateral pipe 
1 0 9 6  REM t r i a l  and e r r o r  determination c f  m 3  f o r  p4 
1 0 9 7  REM i n i t i a l  m3 - - - - - - - - - - - - - - - - - - - - - - - -
1 0 9 8  M3 = . 1 
1 0 9 9  I = . l  
1 1 0 0  F = l + ( G4 - 1 ) * �3 / 2  
1 1 1 0  C= ( Gl *M3 / F l 2 . 
1 1 2 0  R 2 = 1 + . 5 � AO C * ( J l+SQR ( J 1 2 + 4 / AO / C ) ) 
1 1 3 0  R 4 =R 2 * F  J 2  
1 1 4 0  D=Q- R 4  
1 1 5 0  I F  D < O  THEN G OTO  1 1 8 0  ELSE I F  D > O  GOTO 1 1 6 0  ELSE GOTO 1 5 0 0  
1 1 6 0  M 3 =M 3 + I  
1 1 7 0  GOTO 1 1 0 0  
1 1 8 0  I F ( I - E )  < =  0 THEN GOTO 1 5 0 0  ELSE GOTO 1 1 9 0  
1 1 9 0  M3 =M3 - I 
1 2 0 0  I =I / 1 0  
1 2 1 0  GOTO 1 1 6 0  
1 5 0 0  REM m 3  has been de t e rm i nd 
1 5 1 0 M2 = 2 / ( Gl * \ G 1 - 1 ) ) * ( R2 + 1 / R 2 - 2 ) / ( J 3 +R2 ) 
1 5 2 0 M2 =SQR ( M 2 
1 6 0 0  M0 = 1 �J l * ( R2 - 1 ) 
1 6 1 0  MO =SQR ( MO )  
1 8 0 0  REM . • .  The pressure behind the ref l ec t e d  shock wave 
1 8 1 0  J 4 = ( 3 * G 1 - 1 l 7 ( Gl + l l 
1 8 2 0  R5 = ( J 4 *R2 - 1 / J 3 ) / ( R2 / J 3 + 1 ) 
1 9 0 5 REM . . .  cons ider the f r i c t ion loss in the late r a l  p ipe 
1 9 0 6  P 2 =R2 * P l  
1 9 1 0  U 2 =M2 *SQR ( Al * 3 2 . 2 j 
1 9 2 0  L=P 2 * 1 4 � / ( 5 3 . 3 * T1 
1 9 3 0  YF=LPF 
1 9 4 0  YO= ( L *U 2 - 2 / 2 ) * ( 4 *LLP/ LPD ) 
1 9 5 0  Y l =Y0 / ( 3 2 . 2 * 1 4 4 ) 
1 9 6 0  Y=Yl *YF 
1 9 7 0  R 2 C=R2 -Y / P l  
1 9 7 2  R 5 C  = ( J 4 * R2 C - l / J 3 ) / ( R2 C / J 3 + 1 ) 
1 9 7 5  P 5 C =R5 C * ( R2 * P l -Y )  
1 9 9 9  RETURN 
2 0 0 0  RS� . . . j et ve loc i ty 
2 0 0 5  REM . . . . .  CALCCL�TE THE LATERAL PRESSURE AT THE BAG LOCATION 
2 0 1 0  LW=P 5 C * l 4 4 L ( 5 3 . 3 * Tl l 
2 0 2 0  XYO = ( LW * U 2  2 / 2 ) * ( 4 * XL P / LPD ) 
2 0 3 0  XY=YF * XY0 (, ( 3 2 . 2 * 1 4 4 l 
2 0 3 5  PRINT "yO ' · YO ; "xyO " ; XYO ; " y= " ; Y ; " xy" ; XY 
2 0 4 0  XP 5 C=P 5 C- xY 
2 0 5 0  REM . . . . . c a lculate the j et veloc i ty 
2 0 5 1  PRINT �lO LW , XY 
2 0 5 2  PRINT U2 � XYO , YO 
2 0 6 0  CTA= P l / Xr 5 C  
2 0 7 0  I F  CTA < . 5 2 8  THEN GOTO 2 3 0 0  
2 0 8 0  XPO=XP 5 C  
2 0 9 0 ��O =SQR ( G l * ( CTA - G 2 - l )  
2 1 0 0  GOTO 2 4 0 0  
2 3 0 0  XP0 = . 5 2 8 * P 5 C  
2 3 1 0 XM0 = 1  
2 4 0 0  XTO =T 1 / I l +XM0 . 2 / G 1 ) 
2 4 1 0 XVO=XMO *SQR ( G 1 * C O *R1 *XT0 ) 
2 5 0 0  REM . . .  
2 5 1 0 XVJ= ( XP 5 C / P l ) * ( T1 / XTO ) * ( DOR / DOJ ) - 2 * XVO 
2 5 2 0 U 2 =XVJ 
2 5 3 0  I F  I �FB= 1 THEN U 2 =INF1 
2 5 5 0 RETURN 
3 0 0 0  REM . . . .  j e t p r e s sure 
3 0 9 0  Al=SQR ( Al * 3 2 . 2 l  
3 1 0 0  M2=U 2 / A1 
3 1 1 0  RS� t r i a l  and e r r o r  
3 1 2 0  MS= l ! 
3 1 2 5  I= . 1  
3 1 3 0  M2C= ( 2 / ( G1 + l ) ) * ( MS - l / MS )  1 1 -t O D=M2 -M 2 C  
3 1 5 5  I F  D < O  THEN GOTO 3 1 8 0  ELSE IF D > O  GOTO 3 1 6 0  E L S E  GOTO 3 5 0 0  3 1 6 0  MS=MS + I  
3 1 I 0 GOTO 3 1 3  0 
3 1 8 0  I F ( I - E )  < =  0 THEN GOTO 3 5 0 0  ELSE GOTO 1 1 9 0  
3 1 90 MS=MS - I 
3 2 0 0  I = I / 1 0 
3 2 1 0 GOTO 3 1 6  0 
3 5 0 0  REM ms has been de t e rm i oed 
3 5 1 0 R 2 1 = 1 + ( 2 * G l / ( G 1 + 1 ) ) * ( MS 2 - l l  
3 5 2 0 P 2 =R2 1 * P l  
1 5 3 0  DP 2 = ! P 2 - P l l * C O  
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3 6 0 0  
5 0 0 0  
5 0 0 1  
5 0 1 0  
5 0 2 0 
5 1 0 0  
6 0 0 0  
6 0 0 1  
6 0 0 5  
6 0 1 0  
6 0 1 5  
6 0 1 6  
6 0 2 0  
6 0 3 0  
6 0 4 0  
6 0 5 0  
6 0 5 5  
6 0 6 0  
6 0 6 5  
6 0 7 0  
6 0 7 5  
6 0 8 0  
6 0 8 5  
6 0 9 0  
6 0 9 5  
6 1 0 0  
6 1 0 5  
6 1 1 0  
6 1 1 5  
6 1 2 0  
6 1 2 5  
6 1 3 0  
6 1 3 5  
6 1 4 0 
6 1 4 5  
6 1 5 0  
6 1 5 5  
6 1 6 0  
6 1 8 0  
6 2 0 0  
6 2 0 1  
6 2 0 2  
6 2 0 5  
6 2 1 0  
6 2 2 0  
6 2 2 5  
6 2 3 0  
6 2 4 0  
6 2 5 0  
6 2 6 0  
6 2 9 0  
6 3 0 0  
6 3 9 0 
6 4 0 0  
6 4 9 0  
6 5 QO 
6 5 1 0  
6 5 2 0  
6 5 3 0  
6 5 5 0  
6 5 6 0  
6 5 7 0  
6 5 8 0  
6 5 8 1  
6 5 8 2  
>; :; ;:� :;  
6 5 9 0  
6 6 9 0  
6 7 0 0  
6 7 0 5  
6 8 0 0  
7 0 0 0  
7 0 1 0  
7 0 1 5  
7 0 2 0 
7 0 3 0  
7 1 0 0  
9 0 0 0  
9 0 0 5  
9 0 1 0  

RETURN 
REM . . . p r e s sure d i s s ipa ted along t�e bag 
REM . . .  eq . ( 4- 3 6 ) 
D P I =D P 2  
XB P = DP I * EXP ( -DRC * XB G / DOJ ) 
RETURN 
REM . . •  if j et vel oc i ty1 bag permeab i l i ty , f r ic t i o n  coe f f i c i en t  
REM . . . a r e  known 1 u s e  t n i s  subroutine . 
REM prog . name : o2m 
REM c a lculation o f  d i s s ipa ting pres sure along the bag 
REM . • .  if a l l  e f f ec t  shoud be cons idered , s e t  e f f = 1  
EFF=1 
REM constant s : 
R= 5 3 . 3  
T= 5 3 0  
PA= 1 4 . 7  
P I = 3 . 1 4 
C = 2 7 . 6 7 5 6  
C 0 = 3 2 . 2  
REM . . .  data input 
REM . .  VELOCITY OF THE INJECTED AIR ( V )  
V=INF1 
REM . . PRESSURE DEVELOP ED AT THE TOP OF THE BAG 
D P O =D P 2  
R E M  . •  PERMEAB I L I TY  OF THE BAG 
K=INFJ 
REM . .  FRI CTION COEFF I C I ��T OF THE BAG 
F = I N F 2  
REM . .  B A G  CONFIGURATION 
D=DOJ/ 1 2  
BL=BL _ 
A= P I * D 2 / 4  
REM . . PARAMETERS 
DT= . 0 0 1  
'"'.,.:-tE - O  ?.E.� � . . . . .  
.? B O = P A+DPO / C  
P B = P B O  
RA=PA * 1 4 4 / { R * T )  
REM excut�on 
DX=DT* V  
TIME =TIME+DT 
R�� p r e s s ure drop due to loss o f  m a s s  
RE= PB * 1 4 4 1 1 R* T l  
D P =1P B - PA * c  
K 2 =  PB+PA / ( 2 *PA ) 
U=K * K* D P  
DML= 4 *U * RA/ D  
ML=DT• DML 
PML=ML * R *T/ 1 4 4 • C  
R EM  press�re droP. due to f r iction 
D P F= ( RB *V 2 ) * 4 * F 7 ( 2 * D ) / C 0 / 1 4 4 * DX * C  
REM p r e s s ur e  drop due to l a s s  o f  momentum 
D PM=U*ML / C 0 / 1 4 4 * C 
REM accumula t ion o f  the pres sure l o s s  a long the bag 
X=X+DX 
PBG=PB 
RE=RE - ML  
P B = RE * R•T/ 1 4 4  
PF=PF+DPF 
PM=PM+DPM 
P L =PL+PML 
P FML = P L + P F+ PM 
REM . . .  e f f e c t  of a l l  the parame ters 
IF EFF = 1  THEN PB=PBG- ( DP F+DPM+ P ML J / C XT =ABS ( X_- nrr r x_ l l 
I F  XI > . 0 1 THEN I F  XI < . 9 9 GOTO 6 6 9 0  
I F  X > =  3 L  GOTO 6 8 0 0  GOTO 6 2 0 0  
C O = C  
RE711RN 
REM • • •  re f lec ted ores sure at the b a t tom o f  the bag 
X B P R O = D P I * EX P ( - DRt * B L / COJ ) 
XBP R O =XBPRO / CO 
RR0 = 1 +J 2 / ( J 3 * ( P 1 / ( XB P R O + P l l l + 1 ) 
RRR=X B PR O * RRO 
RETURN 
RS� • • •  sys tem conf i gu r a t i o n  and operat ing parame t e r s  
? 1 = 1 4 . 7  
? 4 = 1 0 0 + 1 4 . 7  
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9 0 1 5  PLC1= . 4 3 
9 0 2 0  PLC 2= . 6 4 
9 0 2 5  REM . . .  f r i c t ion coe f f ic ient in the lateral pipe 
9 0 3 0  LPF= . 0 0 1  
9 0 3 5  REM . . .  locat ion o f  the bag from the c losed end 
9 0 3 6  REM . . .  of the lateral 
9 0 4 0  XLP= 4 0  
9 0 5 0  LPD= l . 5 
9 0 6 0  LLP=9 3 . 9 5 
9 0 7 0  DOR= 3 / 8  
9 0 8 0  DOJ=6 
9 0 8 5  REM . . .  bag length ( f t )  
9 0 8 6  BL= 1 2  
9 0 9 0  REM . . •  l o c a t ion a long the bag 
9 0 9 1  XBG=4 
9 1 0 0  REM . • .  pres sure d i s s ipation rate 
9 1 0 5  REM . • •  based on expe r�mental data 
9 1 1 0  REM · · · idrc=k*pg / d l  
9 1 1  5 DRC= • 2 6 6 
9 2 0 0  REM . . .  type o f  bag entrance 
9 2 1 0  TP= 1  
9 2 2 0  ! NFB=O 
9 2 3 0  REM . . .  if infb=1 then enter j e t  ve loc i ty ( inf 1 ) 
9 2 3 1  REM . . .  f r i ction coe f f icient ( �n f 2 l , pe rmeab i l i ty of the bag ( i n f 3 ) 
9 2 3 3  I NF 1 = 1 0 0  
9 2 3 5  I N F 2 = . 0 0 4  
9 2 3 8  I N F 3 = 5 0 * . 5 / 3 5 / 6 0  
9 3 0 0  RETURN 
9 8 0 0  REM . . .  print resul t s  
9 8 1 0  W IDTH 80 : CLS 
9 8 1 5  PRINT " - - - - - - -operating parameters and sys tem conf iguration- - - - - - "  
9 8 2 0  PRINT " reservo � r  pres sure=" ; P 4 · " J2s i "  
9 8 3 0  PRINT " bag diamter X length=" ; Do..; ; '' x " · BL 
9 8 4 0  PRINT " lateral p i pe d i ameter x length=" ; LP D · "  x " ; LLP 
9 8 4 5  PRINT " f r icticn coe f f icient of the lateral=�LP F  
9 8 5 0  PRINT " p r e s sure l o s s  a t  t h e  entrance of t h e  bag" 
9 8 5 5  PRINT " type l = "  ; PLC1 
9 8 5 6  PRINT " type 2 = "  ; PLC2 , 9 8 6 0  P R I NT " - - - - - - -resul ts - - - - - - - - - - - - - - - -
9 8 6 5  PRINT " incident pres sure=" · P 2 · " p s i "  
9 8 7 0  PRINT " re f lec ted pressure=(' · P � C  · " p s i "  
9 8 7 5  PRINT " lateral pressure a t  bag iocation" ; XP 5C ; "  p s i  " 
9 8 8 0  P R I NT " at " ; XLP ; " inches from closed end o f  the l a te r a l "  
9 8 8 5  PRINT " pres sure at t h e  t o p  o f  the bag" ; DP I ; "  i n . w . g . " 
9 8 9 0  PRINT " pres sure a t " ; XBG ; " f t  from the top o f  the bag " ; XBP ; " i n . w . g . '' 
9 9 0 0  RETURN 
-x-x-x- x-x-end-x-x- x-x-x-x- end-x-x-x-x-x-x-end-x-x-x-x-x-x-
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