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(ABSTRACTj 

A method for removing chemical contaminants, such as phenol, 

from a stream of waste water has been proposed. The method 

uses a device for contacting water with activated carbon, 

cal led a "panel bed". In this device, water flows across a 

bed of activated carbon retained within a set of parallel 

louvers. Construction permits contaminants in the entering 

stream of water to be adsorbed on carbon particles, starting 

from the entrances of the spaces between the louvers. A 

pulseback technique is used to remove the region containing 

"contaminated" activated carbon. Pulseback is applied per-

iod!cally after appropriate intervals o! ope::-ation. This 

research aims to determine operating characteristics of a 

panel bed and focuses on the study of pulseback. 

From a previous design of a panel bed filter for re~oving 

fly ash from stack gases, and from a basic study of charac-

teristics of activated carbon adsorption isotherms, a panel 

bed was constructed which was believed to be suitable fer 

contacting activated carbon with waste water. 



Pulseback consists of a reverse transient flow of water 

across the panel bed of activated carbon. Detailed descrip-

tions of pulseback equipment, data on the spill of carbon 

that accompanies pulseback, a:id co:::-relation of the carbon 

spill data are included. The carbon spill during pulseback 

appears to cor:::-elate with "act:..ve time", where this term re-

fers to the time during which a reverse pressure difference, 

created by the reverse transient flow of water, exceeds a 

critical minimum value necessary for any spill at all to oc-

cur. For the specific design of equipment ~sed in this stu-

dy, the spill is relatively small if tI'.e active time is less 

t~an 60 milliseconds. Beyond 60 milliseconds, for the spe-

cific eq~ipment used, the spill is linear w:th active time, 

and cccu:::-s at a rate that appears related to Zenz's modifi-

.-at.ion cf the Francis weir ~ . .... o:::-mul.a ~o describe efflux of 

solids :rom a static bed through an openir.g. 
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Chapter I 

I :t-.."TRODUCT I ON 

Recent growth in awareness of environmental problems of all 

kinds has increased attentior. paid to t..'1-ie large amount of 

organic compounds in waste water from the Chemical Process 

Industries as well as concern over the possibility of a 

large increase in these harmful wastes if a synfuels indus-

try were to develop. While some current methods can remove 

suspended materials and substances prone to biochemical oxi-

dation economically and effectively (i.e. by primary and 

secondary treatment), industrial sources often produce com-

pounds of high toxicity. These compounds need "third-stage" 

(i.e. tertiary) treatment to reduce the concentration of to-

tal organic carbon (TOC).[l] The most significant develop-

ment in such treatment processes is the adsorption of the 

waste compounds onto activated carbon. [2] 

The advantages of the activated carbon adsorption process 

are that it is a fairly simple and convenient unit operation 

and that the cost for its application is relatively low com-

pared to other tertiary treatment processes. [3] Since there 

is a t~adeoff between the carbon exhausted and the capital 

spent for contacting equipment, various adsorber configura-

tions have been used in industry. (Figure 1) For rnost of 

1 
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the activated carbon adsorption beds, whenever the carbon 

becomes exhausted the operation is stopped and the carbon 

regenerated. This increases costs dramatically because of 

the interruption of operation and high ~abor costs. 

A panel bed filter with high efficiency in removing fly 

ash from stack gas has been developed by Squires [ 4 I and 

Lee[S]. In this device gases flow across a tall, narrow bed 

of granular solid which is retained between two parallel, 

vertical perforated walls. (Figure 2) The fi 1 ter cake 

formed by the fly ash is removed by a 11 puffback 11 technique 

(i.e. by a sudden burst of high pressure air through the 

back of the bed.) For further information on use of the pa-

nel bed for gas cleaning, refer to the work of Rodon[6] and 

Lee et al. [ 7] 

Squires[8] has shown that the panel bed has potential to 

be used as a high efficiency filter with liquid streams. 

Whitmire[32] used the same panel bed filter as Lee's to stu-

dy 11 pulseback 11 cleaning (i.e. a reverse surge flow of fluid) 

for the panel bed working in water. Viewing these explora-

tory studies, we thought that the panel bed might be applied 

in activated carbon adsorption to produce a 11 semi-continu-

ous 11 process. This will save both shut-down ~ime and the 

labor costs associated with present adsorp~ion operations of 

this type .. 

The objectives of this project include: 
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1. To design a panel bed suitable for countercur:::-ent 

contacting of activated carbon with water containing 

phenol, fitted for pulseback removal of exhausted 

carbon. 

2. To obtain data on the relationship between pulse 

pressure and distribution of carbon spi 11 from the 

many fluid-entry surfaces of a panel bed. 

3. To study the time hi story of the reverse pressure 

drop across the panel bed during pulseback, ar.d to 

deter~ine spill amount as a function of this pressure 

drop history. 

4. There is reported herein the first data :ram study of 

a panel bed fitted with louvers capable of achieving 

countercurrent contacting of a granular solid wit~ a 

fluid. 
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Industry. 
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-> 
Dirty Clean side 

Figure 2: Arrangement of Louvers for the Sand Experiments. 



Chapter II 

LITERATURE REVIEW 

The original use of carbon as an adsorbent for the removal 

of contaminants can be traced back almost 3,000 years. 

Treatment of industrial wastewater with large-scale granular 

activated carbon adsorption process began in ".:he Ur.i ted 

States duri~g the early 1960s.[9] [10] 

The development of a high-surface-area activated carbon 

that could be reactivated made it economically practical to 

adsorb dissolved organic compounds from waste water. Anoth-

er improvement was the increased hardness of the activated 

carbon granules, which made repeated use feasible. Because 

of its widespread application, activated carbon was chosen 

as the adsorbent for the investigation of the pane~-bed ad-

sorption. 

Phenol was chosen as the model absorbate because of its 

presence in industrial wastewaters from a number of chemical 

operations. Various phenolic compounds are present in the 

waste stream of many chemical processes such as petrolem re-

fineries, coke plants, resin manufactures, coal conversion 

plants, ... etc. The EPA's limits for effluent phenol concen-

tration has been set to a new low of 0.02 ppm for 1983.[l:] 

Economical ways to meet these standards often invo 1 ve the 

6 
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use of activated carbon adsorption as the final stage of the 

treatment process. Therefore, an activated carbon/phenol 

system is considered highly representative of waste water 

treatment applications. 

2.1 ACTIVATED CARBON ADSORPTION BED 

The design of activated carbon beds requires a full under-

standing of the effects of all variables on adsorption eff i-

ciency. There are many studies concerning the kinetics, 

equilibria, and mechanism of adsorption in activated carbon. 

It is useful to understand these investigations which can be 

applied in the prediction of the behavior of activated car-

bon beds. 

2 .1.1 Activated Carbon 

"Activated" carbon was used in purification schemes as early 

as Napoleon's time. The beet s~gar industry used primarily 

bone-char, which may be considered one kind of activated 

carbon, to remove substances associated with odor and color. 

Many investigators have been interested in the chemistry of 

adsorption by activated carbon since the early 1920' s. [ 12] 

The manufacturing processes used in the production of acti-

vated carbon remain guarded secrets within the industry, a 

fact which has retarded the study of the carbon's adsorption 
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mechanism. It is almost impossible ~o compare and correlate 

the results of different investigators due to the large var-

iations in properties of carbons obtained by different manu-

facturing processes. 

2.1.1.1 Structure and Physical Properties 

Activated carbons are similar to the turbostra'tic carbons 

which have microcryst'allites only a few layers in thickness 

and less than 100 Angstrom in width. The level of structur-

al inperf ections in activated carbon is always very 1::.igh, 

and results in the possibilities for reaction of edge car-

bons with their surroundings. 

The fact that activated carbon has an extremely large 

surface area per unit weight (500 to 1200 square meters per 

gram) makes it an efficient adsorptive material. The acti-

vation of carbon in its manufacture produces a complex net-

work of irregularly shaped pores (see Figure 3). The vast 

areas of the walls within these pores accounts for more than 

99% of the total surface area of the carbon. The pore size 

distribution governs the penetration of contaminants of var-

ious molecular sizes into the pores, which affects the am-

ount of usable area. A broad pore-size range with large-

pore area (with pore diameters from 20 to 50 Angstrom) is 

recommended for most water-treatment carbon when a variety 

of organic contaminants are to be adsorbed.(13] 
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ab~orbate 

D diffu~ion 

activated carbon 

Figure 3: Cross-Section of Activated Carbon Pores. 
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Crushing of large carbon particles to produce small par-

ticles e:nhances the adsorption rate by exposing more ent-

rances to the carbon pores. Recen~ development in activated 

carbon adsorption processes suggested that the particle size 

of carbon must be large in order ":.o attain the physical 

strength to withstand the repeated handling required during 

regeneration. Other factors against the use of finer mater-

ials are the higher pressure drop they impose on a liquid 

flow and also losses in handling. The two most popular 

sizes of granular carbon for waste water treatment are nor-

rnally 8-30 mesh and 12-40 mesh. For the ":.ypical physical 

properties of 12-40 mesh activated carbon, which was used in 

this study, see Accendix A. 

2.1.1.2 Chemical Properties 

The interaction of solute molecules with specific functional 

groups on the carbon surf ace governs the adsorption mechan-

ism. [ 14] Nearly every type of oxygen-containing functional 

group known in organic chemistry has been suggested as being 

present on the surface of activated carbon. The groups most 

often associated with adsorption are (i)carboxyl group, 

(ii)phenolic hydroxyl groups, and (iii)qu~none-type carbonyl 

groups. Suggested slightly less often are e":.her, peroxide, 

ester, carboxylic acid anhydride, and the cyclic peroxide 

groups.(12] 
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Activated carbon usually carries a slightly negative sur-

face charge which depends upon the scurce of the carbon and 

the activation procedure.[15] The extent of adsorption of 

many organics from water increases with decreasing pH value 

of the solution. This may be due to the neutralization of 

negative charges by hydrogen ions which makes more of the 

surface area available. Adsorption is always poor at pH va-

lues above 9.0. [15] [16] 

2.1.1.3 Regeneration 

One important reason for the increased utilization of acti-

vated carbon in recent years is development and broader ap-

plication of a number of regeneration processes to restore 

the adsorptive capacity of the spent carbon for reuse. The 

objective of carbon regeneration is to remove the previously 

adsorbed materials from the carbon porous structure and re-

store its ability to adsorb additional impurities. 

Since granular and powdered activated carbon became more 

widely applied in waste water treatment, a variety of regen-

eration processes have been commercialized and a great num-

ber have been tested. Processes evaluated and applied in-

clude: (i)thermal regeneration, (ii)steam treatment, 

(iii)solvent extraction, (iv)biological oxidation, (v)acid 

or base treatment, and (vi)chemical oxidation. Almost all 
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of the spent carbon to be regenerated contains both volatile 

and non-volatile adsorbed organics. From a practical stand-

point, elevating the temperature is the easiest and cheapest 

way to obtain proper equilibrium conditions for rapid effec-

tive desorption (especially for the vol a ti le substances) . 

This is the reason why thermal regeneration has been by far 

the most widely applied method to all but some troublesome 

spent carbon.[17] 

2 .1. 2 General Asoects of Adsorotion 

Adsorption operations exploit the ability of certain solids 

to concentrate specific substances from solution onto their 

surfaces. If this is the case, the components of either a 

gaseous or liquid solution can be separated. Both kinds of 

operations are similar in tha~ the mixture to be separated 

is brought into contact with the adsorbent, and the unequal 

distribution of the constituents between the adsorbed phase 

on the solid surface and the bulk of the stream permits a 

separation to be made.[18] Our focus will be adsorption in 

liquid phase. 

2.1.2.l Types of Adsorption 

Two basic types of adsorption are commonly recognized: phy-

sical adsorption and chemisorption. [19] Generally, the same 
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substance will undergo physical adsorption at low tempera-

ture and chemisorption at higher temperature, although both 

phenomena may occur at the same time. 

Physical adsorption is the result of intermolecular van 

der Waals forces of attraction between molecules of the sol-

id and the substance adsorbed. Physical adsorption resem-

bles phase transformations or mixing processes such as va-

porization, melting and dissolution. Usually, the adsorbed 

substance does not react with the crystal lattices of the 

solid but remains entirely upon the surface. The energies 

involved in physical adsorption are always small, and rates 

are normally fast for both adsorption and desorption. Phy-

sical adsorption is especially important for gases due to 

its similarity to the process of condensation. 

In chemisorption, sometimes called activated adsorption, 

the adsorbed molecules are held to the solid surf aces by va-

lence forces. The strength of the chemical bond between ad-

sorbent and adsorbate may be smaller than those in chemical 

compounds, but the adhesive force is generally much greater 

than that found in physical adsorption. The process is fre-

quently irreversible and the original substance will undergo 

a chemical change. Chemi sorption is of particular impor-

tance in catalytic reaction because of the activated status 

between the solid and adsorbed substances.(19] 
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2.1.2.2 Adsorption Isotherm 

The adsorption isotherm is the relation of concentration of 

adsorbable componer.t in the stream (gas or liquid) to con-

centration on the surface at equilibrium conditions at a 

given temperature. For most practical separations, only the 

low concentration end of the isotherm is of practical inter-

est. However, an understanding of "::he overall adsorption 

isotI'.erm sometimes :s helpf~l to an understanding of adsorp-

tion at low concentration of the adsorbate. 

Four basic isotherm types have been described for liquid-

solid adsorption: (i) S-type (S shape), (ii) L-type (Lang-

muir), (iii) H-type (high affinity), and (iv) C-type (cons-

tant). (Figure 4) For detailed description of those four 

isotherms see [19). 

Many isotherm equations have been proposed to explain and 

fit the equilibrium curves. The Freundlich isotherm equa-

tion has been found to fi~ many adsorptions in dilute solu-

tions owing to its flexibility. [19) It can be derived by as-

suming a logarithmic decrease in activated adsorption energy 

with concentration of adsorbate on the solid. 

is of the :orm: [l) 

1/n 
q* = K C* 

where 

The equation 

(1) 



= 0 ....... 
.µ 

~ 
.µ = Q) 
u = 0 u 

15 

s-type L-type 

Concentration in liquid phase 

H-type 

Figure 4: Isotherm Cla~sification for Liquid-Solid 
Adsorption. 
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~*= concentration of adsorbate in 

the sol:d phase. 

C*= concentration of adsorbate in 

the liquid phase. 

n =constant (greater than 1). 

K = experimental constant. 

2 .1. 3 Activa~ed Carbon Adsorption Column 

It has been always difficult and time-consuming to design an 

activated carbon adsorption system. Usually, one should 

study the adsorption isotherms and run laboratory column 

tests before starting the design. It is always helpful to 

understand the general characteristics of the carbon adsorp-

tion column before further studies are undertaken. 

2.1.3.1 General Description 

The carbon adsorption operation can be considered as a non-

steady-state process in which the amount cf absorbed impuri-

ties is increased as an increasing quantity of water is 

passed through the column. Consider <:.he system shown in 

Figure 5. When water =lows through a granular-column ~here 

is no sharp demarcation between purified liquid and the feed 

stream. There is an adsorption zone of some length ir. which 

the concentration of adsorbable impurities will vary from a 

maximum (inlet concentration) to zero at the front. 
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Figure 5: Mechanism of Adsorption in Fixed Bed. 
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When the adsorption zone is entirely within the column, 

the effluent will be almost solute-free. With continuing 

flow of water the adsorption zone, in equilibrium with the 

influent concentration, moves downward in the bed. As the 

adsorption zone approaches the bottom of the column, the 

concentration of solute in the effluent increases and even-

tually equals that in the feed. The breakthrough point, 

which is important in design, is defined as the volume of 

water passed thro~gh the bed before a-critical effluent con-

centration is reached.(20] (21] This volume will: 

1. Increase with increased bed height. 

2. Increase with increased bed cross-sectional area. 

3. Increase with decreased particle size. 

4. Increase with decreased flow rate. 

5. Decrease with decreased critical solute concentra-

ti on. 

2.1.3.2 Kinetics of Adsorption 

There are a great number of design parameters to be consid-

ered such as: residence time, linear (superficial) liquid 

flow rate, inlet concentration, particle size, adsorptive 

capacity, pore size and nature of the adsorbent's surface. 

The proper approach to the design of an adsorption column is 

a two-step procedure: (A) Choose the equilibrium isotherm 
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and adsorption kinetics. ( B) Use ~he conservation equation 

of mass to calculate the concentration as a function of time 

and position. 

By applying mass conservation in the fluid phase we can 

obtain the following adsorption equation.(22] 

R = 0 (2) 

where 

C = concentration of adsorbent in the 

fluid. 

E.= axial dispersion coefficient. 

V = linear velocity. 

E = void fraction. 

The R term represents the global kinetics of the adsorp-

ti on process. R cannot be written in terms of the concen-

tration of adsorbable substance in the fluid phase, but it 

may be expressed as the rate of adsorption per unit volume 

of bed. 

R = ~ 
d t 

(3) 
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where 

q =solid phase concentration. 

We can approach the R values by using (i) liquid-side mass 

transfer rate or by using (ii) solid-side mass transfer 

rate. The liquid-side mass transfer rate can be written 

as[23] 

1..3 = 
c) t ~ ( C - C* ) ( 4) 

where 

C* = effective concentration of 

adsorbate in liquid phase 

adjacent to the granule surface. 

~ = liquid phase mass transfer 

coefficient. 

The value of kl can be evaluated with readily available data 

(binary diffusivity, viscosity of the fluid, size of the 

particle, etc.) [24] 

The solid-side transfer rate is 

a q "' k TI - s ( q - q* ) ( 5) 
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where 

q*= concentration of adsorbate in 

solid phase at the granule's 

exterior surface. 

k = solid ohase mass ~ransfer s . 
coefficient. 

The value of k can be evaluated by[23] s 

= (6) 

where 

D5 = intraparticle diffusion 

coefficient. 

dp= average diameter of the particle. 

Combining equations (4) and (5), we obtain the following 

expression for q 

q = q* 

and, 

~ 
k s 

( C - C* ) (7) 
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R 
k 

( q* + 1 C* ) -ic; (8) 

In many cases (i.e. high flow velocity, low diffusivity, 

small dispersion coefficient) the dispersion term can be ne-

glected. ~hen by substituti~g eq. (8) into eq.(2) we obtain 

( E - ~(a.*+~ C*) 
~ --ic; = 0 (9) 

Combining equations (7),(9) and (1) allows the concer.tra-

tion C to be solved as a function of z and t.[1] 

2.1.3.3 Design Equations 

There is a simple calculation method, called bed-depth/ser-
. ~. vice _ime (BDST) analysis, which can speed \.4P the design 

process because it requires making only a few preliminary 

column tests. This analysis procedure was developed by Bo-

hart and Adams [ 25] and is based on a surface-reaction-rate 

theory. This theory can be used to predict ~he concentra-

tion as a function of operation time and depth of bed. 
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C. K't</V 
ln ( T - 1 ) = ln ( e - 1 ) 

where 

t = service time. 

V = linear flow velocity. 

x = depth of bed. 

K = rate constant. 

>J = adsorptive capacity. 

c.= influent concentration. 
1 

C = concentration at x and t. 

(10) 

The or.ly two parameters we have to determine from experi-

ment are K and N. They can be calculated from breakthrough 

data for different service time and bed depth at fixed in-

fluent concentration and absorbent's properties. Since 

KNx/V is always much greater than unity, equation (10) can 

be simplified to 

t ::: >J x 
C. V 

1 

1 Ci 
Kr ln Cc 

l 
1 ) (11) 

Thus, for any fixed breakthrough concentration, one can get 

a linear relationship between t and x. With a given infl-
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uent concentration and flow velocity, the rate constant K 

and adsorptive capacity N can be determined easily. Hutch-

ins has shown how to use the BDST analysis to predict the 

value of N and K for a column of activated carbon adsorbing 

phenol. [ 21] 

2.2 FLOW THROUGH POROUS MEDIA 

The main resistance of the flow in the panel bed comes from 

the activated carbon section which is a packed porous medi-

um. It is also believed that the pulseback spill can be 

determined by the drag forces of the flow on the carbon par-

ticles. A review of flow through porous material is neces-

sary in order to understand the sequence of operation, which 

consists of a steady-state (with respect to the flow veloci-

ty) adsorption process and an unsteady-state pulseback oper-

ation. 

2.2.1 Prooerties of Porous Medium 

It might be desirable to define "porous media" as simply 

solid bodies that contain pores. However, from the fluid 

mechanics point of view, the pores in a porous system may be 

interconnected or non-interconnected. The interconnected 

part of the pore system is called the effective pore space 

and contributes to the fluid flow process. 
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2.2.1.1 Pore Space 

A series of classes of pore spaces divides the pore space 

into voids, capillaries, and force spaces according to the 

interaction between particle walls and containing fluids. 

Voids are those parts that have an insignificant effect on 

hydrodynamical phenomena in their interior. In capillaries, 

the walls do have a significant effect, but do not bring the 

molecular structure of the fluid into evidence. In force 

spaces (usually, they are spaces among extremely &' .1..ine 

pores), the molecular structure of the fluid can also have 

effects on hydrodynamical phenomena. (26] 

From another applicational point of view, pore space can 

also be classified as to whether they are ordered, or di-

sordered, and also according to whether they are dispersed, 

or connected. 

2.2.1.2 Geometrical Properties 

A porous medium can always be characterized by a variety of 

geometrical properties. First of all, the porosity is al-

ways mentioned. It is defined as the fraction of void to 

total volume and can be expressed either as a fraction of 

unity or as a percentage. If the calculation is based upon 

the interconnected pore space, the resulting value is termed 

effective porosity. 
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Another well-defined geometrical quantity of a porous 

medium is its specific internal area. 

internal surface area to bulk volume. 

This is the ratio of 

It is also desirable 

to define a geometrical property that would characterize the 

size of the pores. Since the pore size is not always uni-

que, the terms "average pore size" and "pore size distribu-

tion" are more often used. [26] (27] 

2.2.2 Steady Flow in Porous Medium 

The subject of homogeneous flow through porous media can al-

ways be started from the famous Navier-Stokes equation, 

which states the equality between the total shear stress and 

acting pressure forces. Because of the complexity of the 

pore system, an exact solution is not feasible. [ 26] Most 

analytical work is based upon assumptions and limitations 

regarding the type of fluids and the nature of the porous 

media. 

2.2.2.1 Laminar Flow 

The theory of laminar flow through a porous medium is based 

on a classical experiment performed by Darcy in 1856. A lot 

of modifications have been made since then, and the most fa-

mous one was suggested by Brinkman. (28] Br~nkrnan's modifica-

tion can be simplified ~o 
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( grad P ) (12) 

where 

V = linear velocity. 

k =Darcy's coeff. of permeability . 

....u = viscosity of the fluid. 

grac! P = pressure gradient. 

Darcy's coefficient of permeability can be determined by 

laboratory measurements and is dependent on the properties 

of both the medium and the fluid. The experimental techni-

que has always involved questions even though the system is 

physically simple.[29] 

Another way to approach this problem, called tube-bundle 

theory, is based on estimating the total stress of the fluid 

on the solid boundaries of the tortuous "tubes" through t:ie 

bed of particles. Starting from the Hagen-Poiseuille formu-

la for the laminar flow in circular pipe and using experi-

mental data to adjust the constant, one can end up wi~h the 

Blake-Kozeny equation. [30] 

v AP = T 
E 3 

(13) 
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where 

AP = pressure difference across the 

2.2.2.2 

column. 

L = length of the column. 

d = average particle diameter. p 
...u viscosity of the fluid. 

E = porosity. 

Turbulent Flow 

In the laminar flow region, viscous force is the only factor 

to be considered as the source of drag forces. As the flow 

increases to the turbulent flow region, inertial forces will 

dominate viscous forces and become the main factor. A modi-

fied Darcy's equation has been proposed.[27) 

- grad P ...u v = --r + (14) 

where 

c = constant for a given mediu~. 

~ = density of the fluid. 
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The same treatments as ir. the derivation of the Blake-

Kozeny equation can be applied for highly turbulent flow in 

porous media. It leads to the Burke-Plumer equation.[30] 

(15) 

2.2.3 Unsteady State Flow 

Under laboratory conditions the compressibilities of liquids 

are known to have magnitudes of the order of l to 10 l/KPa. 

In a practical situation, the ordinary fluid velocity wi 11 

be of the order of 1 cm/sec.- whereas the longitudinal wave 

velocity will be of the order of 1000 m/sec. This allows 

for the assumption that the fluid is "incompressible" even 

in unsteady-state operation. It. leads to the cone lusicn 

that an unsteady state of flow can be represented as conti-

nuous succession of steady states under normal condi-

tions. [ 27] 
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2.3 EARLIER STUDIES OF PANEL BEDS 

2.3.1 The "Activated Time" Result for Gas System 

Lee (SJ studied the "puffback" of a small panel bed designed 

for gas fi 1 tration. Puf fback is executed by providing a 

transient reverse surge flow of air (i.e., a flow from the 

clean side of the filter to the dirty side). Puffback caus-

es a mass movement of solid in the panel bed toward the 

gas-entry surfaces, and produces a spill that is relatively 

uniform from each of these surfaces. Lee observed that the 

spill is a linear function of the peak pressure reached dur-

ing a transient rise and fall in a reverse pressure differ-

ence created by the reverse flow of air. This function, 

however, was quite different for the re~atively large ~umber 

of puffback arrangements that Lee studied -- i.e., size of 

puffback gas reservoir and size of valve which, when opened, 

releases puffback gas from the reservoir. Some other varia-

ble, in addition to peak pressure difference, was therefore 

important in determining the spill upon puffback. 

Lee discovered that the most important variable in puff-

back is "active time". This is the time during which the 

reverse pressure difference created by puffback exceeds a 

critical minimum pressure difference that is required just 

to produce any spill at all. For a large mumber of puffback 

arrangements, Lee's spill data gave a good straight-line 
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correlation with active time, although peak pressure differ-

ences at any given value of the active time may have varied 

widely. 

Lee studied puffback with two physical arrangements for 

conducting puffback air to the clean side of his panel bed. 

In one arrangement, which he called "sideshot" puffback, the 

volume on the clean side of the panel bed was large, and air 

approached the clear. side from a horizontal direction. In a 

second arrangement, which Lee termed "downshot" puffback, 

the volume on the clean side was far smaller, and air ap-

proached the clean side vertically downward. Data for sand 

spill caused by puffback for the two arrangements each cor-

related with active time, and the two curves of spill versus 

active time had slopes that differed not greatly one from 

another. 

Lee et al. [7] studied puffback from a panel bed 3 me-

ters in height, with ca. 200 gas-entry surfaces, and report-

ed substantially uniform spills of sand from the many sur-

faces. 

2.3.2 Whitmire'~ Exploratory Study of Li~~id System 

Whitmire (32] obtained one of Lee's panel beds from The City 

College and conducted exploratory experiments on "pulseback" 

cleaning of the bed when filled with sands of several size 
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and when the bed was immersed in water. Pulseback was con-

ducted by creating a reverse surge, transient flow of water 

from the clean side of the panel bed. 

Visual observation, as well as motion pictures taken at 

moderately high speed, suggested ~hat the spill of sand ~rom 

the water-entry surfaces of Whitmire's panel bed were rela-

tively uniform. Whitmire's ar:::-angement for pulseback, how-

ever, created a great deal of surging of water back and 

forth across the panel bed after the first ir.i ~i al surge 

from the clean side. This was because Whitmire produced 

pulseback by releasing air from a pulseback gas reservoir 

into a space at the top of the clean side, which was sealed 

off from the outside world. The dirty side was also sealed 

off, a.~d had an air space at the top. The surging of water 

back and forth was created by the cushioning effects of the 

two air spaces, and the surging continued until kinetic en-

ergy of the surging liquid was damped by viscous forces. 

This surging of the liquid flow prevented Whitmire from 

obtaining :::-everse transient pressure diffe:::-ence data which 

could provide an unequivocal tes't of the "active time" prin-

ciple for pulseback. At the end of Whitmire's work, it ap-

peared that the physics of pulseback was not as simple as 

the physics of puffback, but whether or not the sand spill 

ought to be correlated with active time was in doubt. 
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It was evident from Whitmire's work that the time scale 

for pulseback is somewhat longer than for puffback. Active 

times in successful puffback, producing useful spills of 

solid, tend to range from 10 to 25 milliseconds. Whitmire's 

"active times", insofar as they could be believed, appeared 

in general to be longer, i.e., between about 50 and 100 mil-

liseconds. This may be related to the larger viscous forces 

to be overcome in order to accelerate water participating in 

the reverse surge flow. 

2.4 ZENZ 1 S MODIFICATION OF FRANCIS WEIR ~OR.1'1ULA FOR SOLID ---EFFLUX 

Toward the end of our study, we realized that the spill phe-

nomenon that accompanies pulseback might be related to work 

by Zenz[33), who studied the efflux of granular solids 

through holes or down pipes. Zenz's interest was to corre-

late the flow of solid from the side of a vessel, if a hole 

were to appear suddenly in the side wall; or, the flow 

through a hole in the bottom of a vessel; or, the downward 

flow of solid under the influence of gravity through a cir-

cular pipe. Zenz discovered that the Francis weir formula, 

with minor modifications, could be used successfully to cor-

relate these flows. The modifications essentially bring 

into the Francis expression a correction that depends upon 
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the angle of repose of the solid, and also a correction di-

minishing the size of opening or pipe by a distance that 

equals 1.5 times the diameter of the average particle in the 

solid. 

Zenz' s formula applies to the relatively coarse solids 

used in Lee's [ 5] and Whitmire' s [ 32] panel bed studies, as 

well as our own. The formula does not apply to fine pow-

ders, such as, for example, fluid cracking catalyst. 

We will give Zenz' s formula as equation ( 18), when we 

discuss our pulseback spill data. 



Chapter III 

MATERIALS AND METHODS 

There are two major parts involved in this project. 

by studying the operating features of a previously studied 

panel bed filter and the adsorption mechanism of a phenol-

activated carbon system, we can design a laboratory-scale 

panel bed adsorption column. Second, with the pulseback op-

erating data for the new panel bed we can judge the feasi-

bility of designing a new process for waste water treatment. 

3.1 DEVELOPMENT OF THE PANEL BED FILTER 

3 .1.1 Previous Design for Sand 

Data for a filtration device using the panel bed concept was 

first reported by Squires and Pfeffer. ( 31] After some ad-

justment on the design of louvers, a highly efficient panel 

bed was developed by Lee et al. [ 7] In laboratory tests 

with redispersed power-station fly ash, Lee's version of the 

panel bed produced high filtration efficiencies (beyond 

99.95%) with a pressure drop only on the order of six inches 

of water. 

Figure 2 illustrates the final design of the panel bed 

filter used by Lee et al. There are three columns of lou-

vers in this configuation. Louvers on the left in Figure 2 

35 
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are called "wishbone louvers". The wishbone louvers support 

the gas-entry surf aces of the .. ... ine sand that serves as the 

filter medium. A coarse sand is held in place within a sec-

ond tall, narrow space between the central louvers and the 

louvers at the right in Figure 2. The central louvers are 

designed to prevent the penetration of the coarse sand into 

the fine sand during puffback cleaning. 

Coherent surface deposits form on the gas-entry surfaces 

of the dirty face and increase the pressure drop across the 

panel bed after a certain period of operat:on. The deposits 

are depicted schematically in the upper drawing of Figure 6. 

The bottom of Fioure 5 shows puf fback cleaning of the panel 

bed. A sharp puff of gas supplied to the clean face of the 

bed causes a mass movement of the fine sand toward the left. 

This causes the filter deposits to fall away from the dirty 

face together with a small amount of the fine sand which is 

supplied by gravity flow from the top of the panel bed as-

sembly. 
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Figure 6: Operation and Puffback Procedure of Panel Bed for 
Gas Case. 
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3 .1. 2 Depth of the Adsorotion Co~umn 

There is one difference be~ween the filtration in the ash-

sand system and adsorption of phenol in the activated carbon 

system which can affect our design considerations. The fil-

ter deposits are accumulated on the gas-entry surfaces and 

only a small amount of contaminated sand has to be puffed 

away. In the adsorption case, the phenol is carried into 

the column before it can be adsorbed by· 'the activated car-

bon. 

Usually, it is necessary to run some laboratory tests to 

get breakthrough point data before one can decide the length 

of the activated carbon column. However, by using the bed 

depth/service time (BOST) analysis Hutchins provides a 

short-cut method to evaluate the constants in the adsorption 

mechanism which in turn can be used to predict the column 

length. [ 21] 

Figure 7 shows a typical concentration profile of phenol 

in activated carbon column calculated from Hutchins' data. 

(K=14.2 cm3/g min. and N=0.279 g/cm3 in equation (lO).) The 

inlet concentration is 100 ppm and the flow velocity is 0.1 

cm/sec ( 1. 5 gpm/ft2) . Both of these values are practical 

values for design. From a practical point of view, we be-

lieve the operation time between two pulseback periods migh~ 

reasonably be 16-20 hours in light of the concentration pro-
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Liquid velocity V= 0.1 cm/sec (1.5 gµn/ft2) 

2 4 6 8 10 12 14 16 18 20 
Depth of the column (cm.) 

Concentration profile of phenol in the carbon column 
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v::l 0.05 an/sec2 
(0. 75 gpm/ft ) 

t= 35 hr. 

V= 0.1 an/sec 
(1. 50 gpn/ft2) 

t= 17 hr. 

12 14 16 18 20 
Depth of the column (cm.) 

(b) Comparing the concentration profiles at different V 

Figure 7: Concentration Profiles of Phenol in Activated 
Carbon Bed. 
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files shown in Figure 7. This gives us an idea that 15-20 

cm will be a practicable adsorption length. 

3 .1.3 First Design of Panel Bed Adsorotion Column 

From previous experience and knowledge, we built our first 

experimental panel bed for activated carbon/phenol system in 

early 1980. The panel bed was made of Lexan, a clear plas-

tic of high impact strength. This panel bed has four sepa-

rable parts: (i)Front box, (ii)Louver box, (iii)Middle box, 

and (iv)Back box.( see Figure 8) The reason for making them 

separable is that whenever we need to make an adjustment we 

only have to change the concerned part ( s) without recon-

structing the whole equipment. Aooendix B shows further de-

tails of the design. 

The front box is used to hold the phenol contaminated li-

quid (dirty side) and to collect the spilled activated car-

bon. There is a two-inch valve at the bottom of the front 

box which can be used to drain waste carbon. 

There are seventeen louvers in the louver box and all of 

them have the same curved end as shown in Figure 9. During 

the pulseback procedure, the curved ends of the louvers will 

make all of the activated carbon to· be spilled without a 

"dead space". The louvers are inclined at fifty degrees 

from horizontal and will hold the activated carbon by keep-

ing the free surfaces twenty-five degrees from horizontal. 
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A. Front box 
B. Louver box 
C. Middle box 140 

D. Back box A l 240 

40 mesh c D 
screen 

820 

~ 95 240 

(unit: mm) i.---160_~ 

Figure 8: Schematic Illustration of Panel Bed 
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(unit: ITBll) 

Figure 9: First Design of the Louvers. 
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The middle box is the supply reservoir for granular acti-

vated carbon. The carbon is fed from the top and can be 

discharged, if desired, from the bottom through a one-inch 

valve. When the carbon is filled to the louver-box level, 

it slides down into the spaces between louvers. The free 

spaces in the louver box created by the pulseback effect are 

also filled by gravity flow from the overhead supply. There 

is a sheet of 40 mesh screen between the middle box and back 

box, which would prevent activa~ed carbon from being trans-

ported into the back box by the water flow when the panel 

bed is in service adsorbing phenol from the water. 

The back box is used to hold the contaminant-free water 

(clean side). The clean water can be drained cut either via 

a one-inch valve at the bottom or via a two-inch valve near 

the top. During the pulseback procedure, high pressure air 

(up to 450 KP a) is supplied from the top and produces a 

backf low of water from the back box toward the front box. 

After several months of work on this system, we found two 

shortcomings of this design which had to be i~proved: 

1. The louvers are made of very thin Lexan sheets. 

These sheets are especially thin at the curved ends 

and have widths of 150 mm in the direction transverse 

to water flow. Their width in the direc~ion of water 

flow is ca. 127 mm. These widths are large compared 
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to their thickness. Since all of the louvered sheets 

are glued at both sides onto two ~hick vertical 

plates, it is inevitable that stress builds up on the 

louvers during the gluing procedure which is not to-

tally relieved during construction. After operation, 

the s~ress has caused the louver sheets to bend in 

the concave direction. This effect created free, 

front surf aces of different widths between the sever-

al adjacent pairs of louvers, and the different free 

surface areas of the carbon bed produced a badly in-

homogeneous distribution of carbon spill from the 

several surfaces during the pulseback procedure. 

2. The space between two louvers is 15 mm in this de-

sign. This distance has been found to be too small. 

During pulseback, carbon bridges across this space, 

leaving a gap in the column of carbon at the conclu-

sion of the pulseback operation. That is to say, 

carbon failed to flow by gravity into the spaces bet-

ween louvers from the supply column in the space C of 

Figure 8. 
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3 .1. 4 Final Design of the Adsorotion Column 

With the experience from the previous failures in the co-

nfiguration of the louver box, we developed a new design as 

shown in Figure 10. First of all, we changed the construct-

ing material of the louvers to aluminum sheets which have 

the high strength needed to withstand stresses. We also re-

duced the number of the louvers to twelve. This increased 

the space between two louvers to 21 mm. The larger spacing 

has proved to be satisfactory in preventing the "bridging" 

problem. 

As shown in Figure 10, each louver is cor.structed of two 

aluminum sheets glued together at a right angle. This de-

sign made construction easy, but the design creates a "dead 

space" in each of the individual carbon beds held between a 

pair 

small 

of adjacent louvers. That is to 

amount of carbon held within the 

say, a relatively 

right angle at the 

bottom of each individual carbon bed will not participate in 

the body movement of carbon ~oward the free surface of the 

bed when pulseback is practiced. We do not believe that the 

presence of this dead space will seriously impair the effec-

tiveness of the panel bed as a device for activated-carbon 

adsorption, but of course, final word on this point must 

await trials of the adsorption. 



46 

(unit: mm) 

Figure 10: Final Design of the Louvers. 
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3.2 PROCEDURE 

3.2.1 P~eparation for Pulseback 

After a few pulseback tests on the panel bed filter, we came 

across some problems which made operation of the system un-

stable. Most of them had to be solved before we could get 

meaningful pulseback data. Some prerequisite experimental 

work also had to be done before we could start the pulseback 

measurements. 

3.2.1.l Sealing the Filter Boxes 

All four boxes of the panel bed filter were joined by screws 

and sealed by cork sheets. The distance between two screws 

was three inches. The stress produced by the screws was 

centered around them and squeezed the cork sheets at those 

spots. After disassembling the boxes a few times, the fil-

ter leaked at many of the joints. 

Revisions were made to improve the tightness of the fil-

ter. Long steel strips were placed between Lexan plates and 

screws/bolts to homogeneously distribute the stress along 

the joints. Another measure taken to improve the water seal 

was to change the cork sheets after approximately 5 disas-

semblings. Silcone rubber was used to seal small leaks. 
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3.2.l.2 Bubbles in the Activated Carbon/Water System 

The wet density of activated carbon is quite small ( 1. 4 for 

12-40 mesh particles) compared with sand's density which has 

an average value of 2. 6 (see Apoendix A ) . The activated 

carbon always trapped small air bubbles which could be car-

ried out by the high velocity stream in the pulseback proce-

dure. This could change the bulk density of the carbon par-

ticles and cause variations in our pulseback data. 

It took almost a week to get rid of the bubbles in the 

activated carbon/water system by putting it in an open tank 

and agitating it periodically. ~his increased the bulk den-

sity of wet activated carbon to 1.6. 

Another reason to free the bubbles comes from the possi-

ble char1neling effect they may occasionally cause. Since 

the bubbles increased the buoyant forces acting on the car-

bon particles, it became more difficult for gravity force to 

overcome the frictional force between carbon particles and 

walls. This caused the activated carbon to "stick" in bet-

ween louvers and produce "free spaces" following use of 

pulseback procedure. In adsorption operations, those free 

spaces could give us channeling effects, as mentioned earli-

er, which is a phenomenon to avoid. 
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3.2.l.3 Pressure Measurement and Calibration of 
Transducers 

Two Model 206 tranducers (manufactured by the Sundstrand 

Data Control Inc., Richmond, Wash.) were inserted on the 

clean and dirty side of ~~e panel bed to measure the pres-

sure difference within the filter during pulseback. The 

signals from the cransducers were amplified by two amplifi-

ers. The dirty-side signal was then electronically sub-

traci:ed from the clean-side signal. Aooendix C shows the 

electronic circuit diagram of the subtracter. The differ-

ence was transmitted to a Tektronix 564 storage oscilloscope 

and stored on the screen. A Tektronix 12-C instant camera 

was used to photograph the pressure difference signal for 

future reference. 

The pressure transducer system was calibrated so that 

pressure drop data would be more meaningful. Since trans-

ducer elements used were of the quartz type, they respond 

well to a sudden change of pressure; the response time is on 

the order of 3 microseconds. Subsequently, there is a na-

tural decay in the signal, falling off to a small level aft-

er about 10 milliseconds. This means that the transducers 

can only measure a transient pressure and not a steady state 

value. During calibrai:ion, one transducer was connected to 

a three-way valve, which in turn could be placed in ccrnrnuni-
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cation with either open air or the bottom of a column of wa-

ter. A second transducer was in open air for reference. 

See Appendix D which shows the arrar.gement used for cali-

brating the transducers. By quickly turning the three-way 

valve, the pressure at the first transducer could be quickly 

shifted from that of open air to the pressure at the bottom 

of the column of water. The pressure signal was displayed 

by an oscilloscope, while the water pressure was read by its 

height. A calibration curve was constructed from the data 

at different water levels. We will discuss the calibration 

curve in connection wi~h Fioure 15 below. 

3.2.2 Pulseback Measurements 

The system for the measurement of pressure difference across 

the panel bed filter during the pulseback operation is shown 

in Figure 11. Aooendix E gives some detailed specifications 

of this arrangement. 

The volume of pulseback air reservoir (I) is 103 cm3 and 

the diameter of solenoid valve ( F) is 2. 38 mm throughout 

this study. 

3.2.2.l Preparation Procedure 

The following procedure was followed to prepare the pulse-

back pressure experiments: 
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Figure 11: Schematic Illustration of Equipment Set Up. 
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Initially water was filled to the top of the panel bed 

boxes. Wet, bubble-free activated carbon was then loaded 

through port (E). The water expelled by the carbon spilled 

out through the notch (S) at the ~op of the front box (0). 

The wet carbon particles were so coherent in air that it 

took about one and half hours to fill the middle and the 

louver boxes. 

After loading the activated carbon, a stopper was insert-

ed into port (E) to prevent any surge of material from this 

port. During the pulseback experiments, the activated car-

bon level was maintained less than 15 cm below the top of 

the middle box (Q). 

3.2.2.2 Pulseback Procedure and Pressure Measurement 

After the filter had been prepared for pulseback, oscillo-

scope (A), electronic subtracter ( B), and pressure signal 

amplifiers (C) were switched on. Also, power for solenoid 

valves (F), (G) and (H) was switched on. 

Air regulator (U) and valve (T) were used to adjust the 

pressure leading to air reservoir (I). Electrical switch 

(J) was then operated to close solenoid valve (H) and open 

solenoid valve (F). This allowed only the air contained in 

air reservoir (I) and the tube between '!:he solenoid valve 

(H) and (F) to be admitted to the clean side (R) of the pa-
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nel bed. Solenoid valve (G) was opened simultaneously wi~ 

opening of valve (F). The orifice in valve (G) was 0.794 

mm, much smaller than the 2.38 mm orifice in valve (F). The 

purpose of valve (G) is to bleed off air admitted to the 

clean side of the panel bed from reservoir (I) via valve 

(F). This air created a space above the water level on the 

clean side of the panel bed, forcing water downward within 

this space, and causing a flow of water from the clean side 

to the dirty side (0). The air space typically extended a 

few centimenters below the top of the box. Leakage of air 

from this space via valve (G), with restoration of water 

level on the clean side, typically required about 5 seconds. 

Two features of the arrangement tended greatly to reduce 

the surging of water back and forth across the panel bed 

which Whitmire[32] had seen when he practiced pulseback: (1) 

Presence of valve (G) tended to damp the movement of the wa-

ter level on the clean side by quickly removing gas that had 

entered this side from reservoir (I) via valve (F). (2) The 

water level on the dirty side was maintained constant. This 

was accomplished by causing water to flow continuously into 

this side, the water spilling from the top via notch (S). 

When solenoid valve (F) was opened, the trigger initiat-

ing display of signals on the oscilloscope screen was 

switched on at the same t~me. The pressure difference 
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across the panel bed created signals on transducers (D). 

The signals were amplified by amplifiers (C) and subtracted 

by subtractor (B). The final derived signal was displayed 

on the screen of oscilloscope (A) and photographed with an 

instant camera. The oscilloscope screen was then erased. 

3.2.2.3 Spill Amount Measurement 

During pulseback, the activated carbon which was spilled 

could be collected by using a set of gutters. Figure 12 

shows the design of these gutters. Stainless steel screen 

was cut into six rectangular pieces, each of them was curved 

in a U-shape and glued to the notches on two plastic plates. 

Distances between gutters were calculated so that each gut-

ter could collect the spilled activated carbon from two lou-

vers. 

The activated carbon caught in the gutters was washed to 

the weighing boats by using a wash bottle. Since the water 

content was hard to control, the spill amount could not be 

judged accurately by weighing the wet activated carbon. The 

weighing boats were put into a low-temperature (40 C) oven 

to evaporate the water. The samples were dried overnight 

and weighed every two hours until steady weight values (i 1 

mg) were reached. This meant the activated carbon was com-

pletely dried and the samples could be weighed and recorded. 
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Figure 12: Gutters for the Collection of Pulsed Activated 
Carbon. 



Chapter IV 

RESULTS AND DISCUSSION 

4.1 DISTRIBUTION OF ACTIVATED CARBON SPILL 

4.1.1 Pulse Pressure versus Spill Amount 

Six different pressures have been used to pulse the panel 

bed from the clean side. The weights of spilled activated 

carbon at different louvers are listed in Ta-

ble 1 to Table 6. For each pressure, results from ten con-

secutive pulses were obtained to study the relationship bet-

ween time history and spill distribution. Since it is 

always necessary to pulse a certain length of the contami-

nated activated carbon column in a practical operation, the 

accumulative spill amounts at each louver are useful values 

and are also listed in those tables. Note also that all of 

the values tabulated are grams of dry activated carbon/lou-

ver space. 

56 
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TABLE , 
.... 

Activated Carbon Spill Data for Pulseback Pressure = 170 KP a 
(10 psig} 

(A} Spill amount at different louvers* 

pulse (louvers to be spilled) 
number 1-2 3-4 5-6 7-8 9-10 11-12 

1 0.263 0.438 0.368 0.887 0.488 0.670 
2 0.388 0.745 0.644 1.245 0.698 0.737 
3 0.498 0.935 0.705 1. 345 0.709 0.743 
4 0.492 0.994 0.713 1.255 0.774 0.782 
5 0.520 0.958 0.782 1. 311 0.808 0.788 
6 0.669 1.299 0.974 1.734 0.997 0.899 
7 0.581 1.107 0.899 1. 411 0.840 0.967 
8 0.747 1.285 0. 931 1.790 l. 054 1.102 
9 0.804 1.576 1.140 1.848 1. 422 l. 032 

10 0.662 1. 072 0.966 1. 510 1.109 1.030 

( B} Accumulative Spill amount at different louvers* 

total number (louvers to be spilled} 
of pulse 1-2 3-4 5-6 7-8 9-10 11-12 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.263 0.438 0. 368 0.887 0.488 0.670 
0.651 1.183 1. 012 2.132 1.186 1.407 
1.149 2.118 1. 717 3.477 1. 895 2.150 
l. 641 3.112 2.430 4.732 2.669 2.932 
2.161 4.070 3.212 6.043 3.477 3.720 
2.830 5.369 4. :!.86 7.777 4.474 4.619 
3.411 6.476 5.085 9.188 5.314 5.586 
4.158 7.761 6.016 10.978 6.368 6.688 
4.962 9.337 7.156 12.826 7.790 7.720 
5.624 10.409 8. J..22 14.336 8.899 8.750 

* unit of spill = grams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 
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TABLE 2 

Activated Carbon Spill Data for Pulseback Pressure = 205 
I<Pa. (15 psig) 

(A) Spill amount at different louvers* 

pulse (louvers to be spilled) 
number 1-2 3-4 5-6 7-8 9-10 11-12 

1 0.902 1.105 1.313 1.964 1. 435 1.724 
2 1.031 1.725 2.137 2.621 1. 958 1.725 
3 1.100 2.283 2.546 3.240 2.634 2.249 
4 1. 375 2.608 2.550 3.120 2.593 2.192 
5 1. 529 2.558 2.118 2.854 2.311 2.232 
6 1. 789 2.780 2.426 3.191 2.697 2.339 
7 1.841 2.811 2.367 3.018 2.256 2.277 
8 2.108 2.737 2.343 3.048 2.399 2.410 
9 2.326 2.767 2.499 3.416 2.759 2.310 

10 2.079 2.451 1.943 2.788 2.422 2.321 

(B) Accumulative Spill amount at different louvers* 

total number (louvers to be spilled) 
of pulse 1-2 3-4 5-6 7-8 9-10 11-12 

1 0.902 1.105 1.313 1.964 1. 435 1.724 
2 1. 933 2.830 3.450 4.585 3.393 3.449 
3 3.033 5.113 5.996 7.825 6.027 5.698 
4 4.408 7.721 8.546 10.945 8.620 7.890 
5 5.937 10.279 10.664 13.799 10.931 10.122 
6 7.726 13.059 13.090 16.990 13.628 12. 461 
7 9.567 15.870 15.457 20.008 15.884 14.738 
8 11.675 18.607 17.800 23.056 18.283 17.148 
9 14.001 21. 374 20.299 26.472 21. 042 19.458 

10 16.080 23.825 22.242 29.260 23.464 21. 779 

* unit of spill = grams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 
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TABLE 3 

Activated Carbon Spill Data for Pulseback Pressure = 239 
I<Pa. (20 psiq) 

(A) Spill amount at different louvers* 

pulse (louvers to be spilled) 
number 1-2 3-4 5-6 7-8 9-10 11-12 

1 1.660 2.056 2.191 2.751 2.068 2.103 
2 1.995 3.318 3.511 4.204 3.623 2.963 
3 2.195 3.626 3.311 4.066 3.644 2.880 
4 3.072 4.191 3.921 4.576 3.914 3.059 
5 3.333 4.110 3.348 3.982 3.606 3.114 
6 3.388 3.937 3 .452 3.750 3.754 3.143 
7 3.383 3.765 3.476 3.754 3.522 2.937 
8 3.671 3.939 3.379 3.915 3.703 3 .212 
9 3.671 3.939 3.379 3.915 3.703 3.212 

10 3.671 3.939 3.379 3.915 3.703 3.212 

(B) Accumulative Spill amount at different louvers* 

total number (louvers to be spilled) 
of pulse 1-2 3-4 5-6 7-8 9-10 11-12 

l 1.660 2.056 2.191 2.751 2.068 2.103 
2 3.655 5.374 5.702 6.955 5.691 5.066 
3 5.850 9.000 9.013 11. 021 9.335 7.946 
4 8.922 13 .191 12.934 15.597 13.249 11. 005 
5 12.255 17.301 16.282 19.579 16.855 14.119 
6 15.643 21.238 19.734 23.329 20.609 17.262 
7 19.026 25.003 23.210 27.083 24.131 20.199 
8 22.697 28.942 26.589 30.998 27.834 23.411 
9 26.368 32.881 29.968 34.913 31. 537 26.623 

10 30.039 36.820 33.347 38.828 35.240 29.835 

* unit of spill = qrams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weiqhed amount of carbon spilled 
from two adjacent louver spaces into one qutter. 
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TABLE 4 

Activated Carbon Spill Data for Pulseback Pressure = 274 
KPa. (25 psig) 

(A) Spill amount at di=ferent louvers* 

pulse (louvers to be spilled) 
number 1-2 3-4 5-6 7-8 9-10 11-12 

1 3.928 4.577 5.148 4.947 5.085 3.918 
2 4.521 5.183 5.209 5.383 5.014 4.035 
3 4.825 5.071 5.203 5.378 4.987 4.568 
4 5.282 5.439 5.169 5.511 5.220 4.886 
5 5.453 5.657 5.408 5.338 4.995 4.617 
6 5.458 5.525 5.078 5.250 4.545 4.420 
7 5.080 4.994 5.345 5.241 4.570 4. 321 
8 5.492 5.333 5.432 5.488 4.916 4.663 
9 5.636 5.832 6.072 6.128 4.839 4.127 

10 6.150 6.645 6.312 5.732 5.227 4.414 

( B) Accumulative Spill amount at different louvers* 

total number (louvers to be spilled) 
of pulse 1-2 3-4 5-6 7-8 9-10 11-12 

1 3.928 4.577 5.148 4.947 5.085 3.918 
2 8.449 9.760 10.357 10.330 10.099 7.953 
3 13.274 14.831 15.560 15.708 15.086 12.521 
4 18.556 20.270 20.729 21. 219 20.306 17.407 
5 24.009 25.927 26.137 26.557 25.301 22.024 
6 29.467 31.452 31. 215 31. 807 29.846 26.444 
7 34.547 36.446 36.560 37.048 34.415 30.765 
8 40.039 41.779 41.992 42.536 39.332 35.428 
9 45.675 47.611 48.064 48.664 44.171 39.555 

10 51. 825 54.256 54.376 54.396 49.398 43.969 

* unit of spill = grams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 



61 

TABLE 5 

Activated Carbon Spill Data for Pulseback Pressure = 308 
KPa. {30 psiq) 

{A) Spill amount at different louvers* 

pulse {louvers to be spilled) 
number 1-2 3-4 5-6 7-8 9-10 11-12 

1 5.115 6.750 6.375 6.365 6.434 5.601 
2 6.378 7.693 7.560 7.461 6.849 5.822 
3 6.658 8.036 7.471 7.328 6.742 5.930 
4 6.696 7.768 7.139 7.108 6.155 5.827 
5 7.088 7.885 7.397 7.401 6.622 5.858 
6 6.549 7.499 6.833 6.847 5.446 5.300 
7 6.968 8.147 7.567 7.753 7.244 6.584 
8 6.438 7.550 6.593 7.290 6.703 5.876 
9 7.095 8.151 7.318 7.349 7.759 6.578 

10 6.486 7.712 6.422 7.032 6.929 6.173 

{ B) Accumulative Spill amount at different louvers* 

total number {louvers to be spilled) 
of pulse 1-2 3-4 5-6 7-8 9-10 11-12 

1 5.115 6.750 6.375 6.365 6.434 5.601 
2 11. 493 14.443 13.935 13.826 13.283 11. 423 
3 18.151 22.479 21. 406 21.154 20.025 17.353 
4 24.847 30.247 28.545 28.262 26.180 23.180 
5 31. 935 38.132 35.942 35.663 32.802 29.038 
6 38.484 45. 631 42.775 42.510 38.248 34.338 
7 45.452 53.778 50.342 50.263 45.492 40.922 
8 51.890 61.328 56.935 57.553 52.195 46.798 
9 58.985 69.479 64.253 64.902 59.954 53.376 

10 65.471 77.191 70.675 71. 934 66.883 59.549 

* unit of spill = grams of dry activated carbon per 
individual louver space. (~his was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 
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TABLE 6 

Activated Carbon Spill Data for Pulseback Pressure = 343 
KPa. (35 psig) 

(A) Spill amount at different louvers* 

pulse (louvers to be spilled) 
number 1-2 3-4 5-6 7-8 9-10 11-12 

1 5.929 7.901 8.105 8.184 8.118 6.422 
2 7.238 8.623 8.239 8.387 7.808 7.446 
3 7.137 8.579 8.072 8.401 7.534 7.520 
4 7.459 8.754 8.116 8.482 7.521 7.146 
5 7.167 8.453 8.021 8.411 7.735 7.500 
6 7.208 8.768 8.015 8.323 7.745 8.338 
7 7.326 9.208 8.687 8.931 7.741 7.810 
8 7.628 8.025 8.360 8.318 7.775 8.033 
9 7.471 8.971 8.095 8.234 7.096 7.550 

10 8.143 9.194 8.454 8.508 7.737 7.701 

(B) Accumulative Spill amount at different louvers* 

total number (louvers to be spilled) 
of pulse 1-2 3-4 5-6 7-8 9-10 11-12 

1 5.929 7.901 8.105 8.184 8.118 6.422 
2 13.167 16.524 16. 344 16.571 15.926 13.868 
3 20.304 25.103 24.416 24.972 23.460 21. 388 
4 27.763 33.857 32.532 33.454 30.981 28.534 
5 34.930 42.310 40.553 41.865 38.716 36.034 
6 42.138 51. 078 48.568 50.188 46.461 44.372 
7 49.464 60.286 57.255 59.119 54. 202 52.182 
8 57.092 68.311 65.615 67.437 61.977 60.215 
9 64.563 77.282 73.710 75.671 69.073 67.765 

10 72.706 86.476 82.164 84.179 76.810 75.466 

* unit of spill = grams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 
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4.1. 2 History Effects for Different Pulses 

From the values on Table 1 through 6, it is easy to see that 

the spill amounts were lower than the average levels for the 

first few pulses at each pressure. ~re 13 shows the 

spill amount distribution for the first five pulses with a 

pulse pressure of 170 KPa (10 psig). The data from starting 

pulses were far away from the others and the spill distribu-

tion approached steady values after a number of pulses. 

From a soil mechanics point of view, it was thought that 

the stress and void distribution in the packed column (in-

cluding the louvers and middle box) were inhomogeneous right 

after the loading of activated carbon.(29) Part of the ener-

gy provided by the first few pulses was used for the adjust-

ment of the inhomogeneous stress, void, and other physical 

properties. After a few pulses, the physical properties in 

the column became more nearly homogeneous. At that time, 

all of the pulsed pressure can be used to overcome inertial 

and friction forces (which were constants then). This 

should give us steady state spill distribution data. 

Compared with the work of Lee [ S) and Whitmire [ 32), the 

number of pulses required to reach steady state operation 

depended on the pulse pressure, design of filter, and nature 

of the packed ~aterials. In Tables 1 to 6, we judged that 

the data on spill after ~he fifth pulse could be regarded as 
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approachinq steady values, because after this pulse, any 

further tendency for spill to increase or decrease appears 

to be smaller than variations in the spill data. 

4.1.3 Soill Amount Deviations at Different Louvers 

By averaqing the weiqhts of spilled activated carbon from 

the 6th to 10th pulse at each louver we can s~udy the spill 

amount deviations at different louver posi 't.ions. Table 7 

and Figure 14 show these data and the distribution curves at 

different pressures. Two facts were observed ~rom them: 

1. For small pulsed pressure (170 and 205 KPa), the de-

viations among different louvers were biqger than for 

hiqher pressures. This might be caused by a higher 

ratio of friction force/pulsed pressure (smaller den-

ominator). If friction forces fluctuate from one ap-

plication of pulseback to the next the deviations 

could be large, as we saw early in a given puffback 

series, or i~ our early experiments before we appre-

ciated the care needed to fill louver spaces uniform-

ly with carbon free of air bubbles. 

2. The spill data were ~ot as homogeneous as one might 

hope. Spills always had 'the highest value at the 3rd 

and 4th louvers. Since all of the louvers were built 

to the same open front surface, within the limits of 
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our capabilities, the high values may have been 

caused by special characteristics of the pulsed 

stream resulting from design of the panel bed system. 

Further work would be needed to study this point. 
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TABLE 7 

Averaged Activated Carbon Spill Data for Steady Operation. 

(the average of 6th-10th pulse) 

pulse 
pressure, KP a 170 205 239 274 308 343 

(psig) (10) (15) (20) (25) (30) (35) 

louvers 

1-2 0.693* 2.029 3.557 5.563 6.707 7.555 

3-4 1.268 2.709 3.904 5.666 7.812 8.833 

5-6 0.982 2.316 3.413 5.648 6.947 8.322 

7-8 1. 659 3.092 3.850 5.568 7.254 8.463 

9-10 1.084 2.507 3.677 4.819 6.816 7.619 

11-12 1.006 2.331 3.143 4.389 6.102 7.886 

average 1.115 2.497 3.591 5.276 6.940 8.163 

standard 
deviation 0.297 0.336 0.260 0.492 0.521 0.423 

largest 
difference 38% 24% 12% 17% 12% 8% 

(from average) 

* grams of dry activated carbon 
per individual louver. 
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4.1.4 Large Number of Pulses 

From Table 7 and Figure 14, the spill distributions at 239 

and 274 I<Pa. (20 and 25 psig) were fairly homogeneous as 

compared with those at other pressures. From a practical 

point of view, those two pressures are quite safe and easily 

obtained in any plant. 

Further studies of the spill distributions at 239 and 274 

KPa. are listed in Table 8 and 9. Notice that the first 

pulsed data in these tables were collected after five 

preceding "unsteady state pulses" in order to make the data 

as homogeneous as possible. Twenty pulses were taken to si-

mulate the actual operating situation, where a long contami-

nated region may need to be pulsed. 

Let us assume that the amount of contaminated carbon that 

must be spilled at each louver is equal to the smallest of 

the values of accumulated amount shown for the various lou-

vers in Table 8. Then any carbon spilled in excess of this 

required amount of spill is wasted carbon, from standpoint 

of the adsorption process. Calculations from the data of 

Table 8 show that there would be 28% excess of unused carbon 

pulsed from the panel bed for the 239 KPa. operation. There 

would be 26% excess of unused carbon for the 274 KPa. opera-

tion. 
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TABLE 8 

Spill Data for a Large Number of Pulses. (P = 239 K?a.) 

(A) Spill amount at different louvers* 

louvers to be spilled 
pulse 
!'lumber** 1-2 3-4 5-6 7-8 9-10 11-12 

l 2.944 4.650 3.451 3.942 3.377 3.611 
2 2.913 5.213 4.074 3.837 3.531 3.705 
3 3.151 5.312 3.166 4.438 3.837 3.590 
4 3.141 5.125 3.139 3.928 3.941 3.587 
5 3.181 5.132 3.310 4.174 4.012 3.833 
6 3.127 4.559 3.627 3.967 3.235 3.392 
7 2.971 5.193 3.450 4.083 3.460 3.853 
8 3.071 4.649 3.480 3.916 3.972 4.139 
9 2.618 4.465 3.563 4.079 4.004 4.145 

10 2.931 4.597 3.635 3.915 3.931 4.093 
11 2.386 3.747 2.964 3.618 3.597 3.719 
12 2.852 4.660 3.310 3.969 3.698 4.199 
13 2.617 4.282 2.988 3.544 2.894 3.541 
14 2.558 4.445 3.210 3.831 3.362 3.524 
15 2.887 4.431 2.877 3.993 2.820 3.394 
16 3.014 5.065 3.537 4.083 3.364 3.125 
17 2.784 4.696 3.477 3.967 2.774 3.183 
18 2.688 4.703 3.158 3.700 2.203 2.633 
19 2.964 5.101 3.675 4.350 3.996 3.810 
20 2.774 5.038 3.746 3.988 3.757 3.100 

(continued) 
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TABLE 8 (continued) 

( B) Accumulative Spill amount at different louvers* 

louvers to be spilled 
total number 

of pulse** 1-2 3-4 5-6 7-8 9-10 11-12 

1 2.944 4.650 3.451 3.942 3.377 3.611 
2 5.857 9.863 7.525 7.779 6.908 7.316 
3 9.008 15.175 10.691 12.217 10.745 10.906 
4 12.149 20.300 13.830 16.145 14.686 14.493 
5 15.330 25.432 17.140 20.319 18.698 18.326 
6 18.457 29.991 20.767 24.286 21. 933 21. 718 
7 21. 428 35.184 24.217 28.369 25.393 25.571 
8 24.499 39.833 27.697 32.285 29.365 29.710 
9 27.117 44.298 31.260 36.364 33.369 33.855 

10 30.048 48.895 34.895 40.279 37.300 37.948 
11 32.434 52.642 37.859 43.897 40.897 41.667 
12 35.286 57.302 41.169 47.866 44.595 45.866 
13 37.903 61. 584 44.157 51. 410 47.489 49.407 
14 40.461 66.029 47.367 55.241 50.851 52.931 
15 43. 348 70.460 50. 244 59.234 53.671 56.325 
16 46. 362 75.525 53.781 63.317 57.035 59.450 
17 49.146 80.221 57.258 67.284 59.809 62.633 
18 51. 834 84.924 60.416 70.984 62.012 65.266 
19 54.798 90.025 64.091 75.334 66.008 69.076 
20 57.572 95.063 67.837 79.322 69.765 72.176 

* unit of spill = grams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 

** there are five pulses preceded the collection of 
data. 
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TABLE 9 

Spill Data for a Large Number of Pulse. (P = 274 KPa.) 

(A) Spill amount at: different louvers* 

louvers to be spilled 
pulse 
number** 1-2 3-4 5-6 7-8 9-10 11-12 

, 4.826 8.500 6.557 6.504 5.878 5.213 
2 5.346 7.879 5.951 5.969 5.637 4.576 
3 4.737 7.268 5.564 5.556 4.520 4.091 
4 4.605 6.783 5.589 5.880 4.156 4.435 
5 4.168 6.275 5.363 5.484 5.337 4.220 
6 4.645 6.664 5.522 6.051 5.589 4.196 
7 5.155 6.813 5.152 5.567 4.026 4.243 
.8 4.760 6.899 5.341 5.686 5.164 4.017 
9 4.743 6.700 5.670 5.679 4.889 3.914 

10 4.261 6.442 5.262 5.338 4.866 4.113 
11 4.445 6.194 4.614 5.111 3.919 3.769 
12 4.593 6.504 5.333 5.171 5.238 3.993 
13 3.994 6.426 5.240 5.368 5.183 3.990 
14 4.057 6.655 5.302 5.289 4.741 4.107 
15 4.372 6.972 5.328 5.581 4.404 4.075 
16 4.249 6.978 5.492 5.820 4.862 4.024 
17 4.559 7.025 5.514 5.499 4.809 3.872 
18 4.411 6.374 4.399 4.813 4.635 4.093 
19 4.048 6.408 4.998 5.386 4.738 4.J..82 
20 4.378 6.598 5.306 5.327 4.568 3.689 

(continued) 
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TABLE 9 (continued) 

(B) Accumulative Spill amount at different louvers* 

louvers to be spilled 
total number 

of pulse** 1-2 3-4 5-6 7-8 9-10 ll-12 

1 4.826 8.500 6.557 6.504 5.878 5.213 
2 10.172 16.379 12.508 12.473 11.515 9.789 
3 14.909 23.647 18.072 18.029 16.035 13.880 
4 19.514 30.430 23.661 23.909 20.191 18.315 
5 23.682 36.705 29.024 29.393 25.528 22.535 
6 28.327 43.369 34. 546 35.444 31.117 26.731 
7 33.482 50.182 39.698 41. 011 35.143 30.974 
8 38.242 57.081 45.039 46.697 40.307 34.991 
9 42.985 63.781 50.709 52.376 45.196 38.905 

10 47.246 70.223 55.971 57.714 50.062 43.018 
11 51. 691 76.417 60.585 62.825 53.981 46.787 
12 56.284 82.921 65.918 67.996 59.219 50.780 
13 60.278 89.347 71. 158 73.364 64.402 54.770 
14 64.335 96.002 76.460 78.653 69 .143 58.877 
15 68.707 102.974 81. 788 84.234 73.547 62.952 
16 72.956 109.952 87.280 90.054 78.409 66.976 
17 77.515 116.977 92.794 95.553 83.218 70.848 
18 81.926 123.351 97.193 100.366 87.853 74.941 
19 85.974 129.759 102.191 105.752· 92.591 79.123 
20 90.352 136.357 107.497 111.079 97.159 82.812 

* unit of spill = grams of dry activated carbon per 
individual louver space. (This was calculated as 
one-half of the weighed amount of carbon spilled 
from two adjacent louver spaces into one gutter. 

** there are five pulses preceded the collection of 
data. 
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This excess circulation of carbon through a regeneration 

process may be acceptable :rom an engineering standpoint, 

but we believe that further work on design of the panel bed 

system can reduce these amounts of excess unused carbon. It 

will also be evident from the curves of Figure 7 that carbon 

utilization is not perfect in a conventional fixed-bed ad-

sorber. 

4.2 EMPIRICAL RELATION BETWEEN SPILL AMOUNT AND PRESSURE 
DROP 

4.2.1 Pressure Droo Data across the Packed Column _......_ --
The calibration curve for the transducers is shown in Fig-

ure 15. The transducer system output voltage is plotted 

versus the pressure difference acting on it. It was found 

that response of the transducers was linear over the range 

of 0 cm of water to 75 c~ of water, which covered the range 

of pressures we measured. 

Figure 16 shows typical data for the time history of 

pressure drop across the packed column duri:.g pulseback. 

The pressure-vs-time signals on the oscilloscope screen were 

photographed. The zig-zagged fluctuation of the curve is 

due to a bouncing of shock waves in the system. The fluctu-

ations show smaller variation in the water/activated carbon 

system than in the air/sand arrangement because the damping 

effect for the shock wave is larger in water. [32] 
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TI me c100 m. sec. /div.) 

Figure 16: Typical Photograph Taken from Oscilloscope 
Screen. 
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The pressure versus time curve in Figure 16 is a typical 

second order response curve. The downshoot of the second 

peak was always smaller than 9 cm of water, and only the 

first peak affects the spill of activated carbon. [ 7] Ta-

ble 10 shows the data of the first pressure peak versus to-

tal spill amount of activated carbon for three different 

runs. Each of these runs was conducted after the panel bed 

had been subjected to a series of 5 pulsebacks at a pulse-

back pressure of 274 KPa in order to bring the porosity of 

the bed to a steady state. 

A 0.5 mm-scaled ruler was used to measure both pressure 

and time scales. Comparing with dimension of the divisions 

(8.6 mm for 100 milliseconds and 8.8 mm for 10 cm of water), 

the maximum error will be 2.9 milliseconds in time scale and 

0.28 cm of water in pressure. Since the grids both on the 

screen and pictures have distinguishable dimensions, the er-

ror caused by the distortion of a camera should be negligi-

ble in comparison with measurement errors. 

It was noticed that the total spill amount here was 

greater than for the data collected in Section 4.1. This may 

result from stopping small leaks along the tube line between 

valves (F) and (H) on Figure 11 after we collected the data 

of Section 4.1. Since both the spill amount and pressure 

difference across the panel bed were measured downstream 
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TABLE 10 

First Peak Pressure vs. Total Spill Amount for Three Runs. 

(Run 1) (Run 2) (Run 3) 

pulse first spill f:.rst spill first spill 
pressure peak carbon peak carbon peak carbon 

(in KPa.) * ** 

136 9.7 1. 55 7.3 1.04 7.8 0.94 

143 9.4 1.03 9.8 1. 92 8.1 0.98 

150 10.0 5.96 10.2 3.12 10.1 2.98 

156 12 .1 5.26 lC.3 4.95 11. 7 6.18 

163 11. 6 5.63 

170 12.4 8.50 13.4 13.31 12. 8 9.95 

205 15.4 15.69 15.7 24. 77 16.1 26.57 

239 17.3 32.22 17.2 38.85 17.3 28.67 

274 19.7 38.11 22.2 41.56 19.3 52.25 

308 20.8 43.41 23.2 57.16 20.2 46.23 

343 22.5 62.09 24.3 66.75 26.3 72.59 

* in cm of water. 
** in grams. 
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from that part of the set-up, these repairs would not affect 

studies of the relationship between them. 

4.2.2 Minimum Pressure Difference and Active Time 

4.2.2.1 Minimum Pressure Difference 

By plotting the total weight of the spilled activated carbon 

versus the first peak pressure difference reached at each 

pulsed pressure we obtained Figures 17, 18 and 19 for the 

three different runs shown in Table 10. In drawing the 

lines in these figures, we gave greater weight to data at 

higher spills and higher peak pressures. The lines in Fig-

ures 17 through 19 suggested that there is a minimum pres-

sure difference across the packed column which must be pro-

duced by the flow of pulseback stream to start a body 

movement of the activated carbon. It can also be seen that 

the minimum pressure difference values are in good agree-

ment, viz., approximately 10.3, 10.2 and 10.5 cm water for 

the three runs. Lee [5] saw a similar minimum pressure dif-

ference needed to produce a spill of sand from a panel bed 

operating in air and puffbacked with air. 

4.2.2.2 Active Time 

From Lee's work [5] with a panel bed operating in air, we 

expected before beginning cur research that there might be a 
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high probability that the amount of spill from pulseback 

would be a function of the time during which the pressure 

difference exceeds the minimum value indicated in Fig-

ure 17 to 19. Lee[S] called this the "active time". 

ure 20 illustrates the definition of active ~ime in terms of 

an idealized pressure difference curve. 

Table 11 and Figure 21 show the dependence of activated 

carbon spill on active time, calculated taking for each run 

the value of minimum pressure difference indicated in Fig-

ure 17,~, or 19. Notice that all the data from three runs 

were combined to produce the consistent results shown in 

Figure 21. 

4.2.2.3 Effective Active Time versus Correlated Spill 
Amount 

The result shown in Figure 21 is a surprise. Whitmire[32] 

had obtained a similar qualitative result, but his data were 

too fragmentary to create a clear, unequivocal picture. The 

surprise is that the curve in Figure 21 is not simply a 

straight line passing through the o::::-igin. This was what 

both Lee[S) and Lee et al. [7] observed for the puffback of 

a gas panel bed. The small spills at active times below 

about 60 milliseconds and the bend upwa::::-d in the cu::::-ve at 

about this value of active time are new features. 
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TABLE 11 

Spill Amount vs. Active Time Calculated from P-t Data. 

(RUN 1) 

active time* 14 20 17 60 

spill amount** 5.63 5.26 8.50 15.69 

active time 72 82 92 96 

spill amount 32.22 38.81 43.41 62.09 

(RUN 2) 

active time 5 16 so 74 

spill amount 3.12 4.95 13.11 24.77 

active time 81 90 94 98 

spill amount 38.85 41.56 57.16 66.75 

(RUN 3) 

active time 2 6 16 59 

spill amount 2.98 6.18 9.95 26.57 

active time 71 84 87 98 

spill amount 28.67 46.23 52.25 72.59 

* in the unit of millisecond 
** in the unit of gram 
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What we came to understand is that the total mass of mat-

ter which must be moved in pulseback of the water system is 

far greater, because of the large density of water, than the 

mass which must be moved in the gas system during puffback. 

Since the motion of the sand is a result of the motion of 

the fluid, the sand does not move until water has reached a 

sufficient speed. Accelera~ion to a sufficient speed can 

take a longer time for water than for gas. !n other words, 

it takes longer to build momentum in water to overcome iner-

tia in the granule/water system, and to drag the granules 

down through the louvers and away from the water-entry face 

of the panel bed. 

This reasoning led us to the idea that the first portion 

of the active time is needed to build water velocity up to a 

minimum needed to accelerate the carbon granules to their 

ultimate speed during their mass movement. We might call 

this first time interval the "minimum active time". 

Lee found that there is a linear relationship between ac-

tive time and spill amount in the gas panel bed system. 

This result can be modified to produce following expression. 

( m - m' = s ( t - t' (16) 

where 

m = total spill amount, gram 

t = active time, mi:lisecond. 
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s = a constant, gram/millisecond. 

t'= minimum active time, milli-

second. 

m'= spill amount before the minimum 

active time is reached, gram. 

m = s t - s ( t' - m'/s ) (17) 

We also define (m-m') as the correlated spill amount and 

(t-t') as the effective active time. 

obtain s = 1.9 and (t' - m'/s) = 60. 

From Figure 21 we can 

It was also found that 

m' had a value of 17. This implies that the value of t' 

should be 69. 

Table 12 shows ~he data of (m-m') versus (t-t') calculat-

ed from Table 11. By plotting the effective time versus 

correlated spill amount, we can get the line shown in Fig-

ure 22. It can be seen that the data fits a straight line 

pretty well. This means the assumption of a linear rel a-

tionship between effective active time and correlated spill 

amount can be applied. Noticed that the slope of this line 

is 1.72 which can be interpreted as the spill rate of acti-

vated carbon after ~inimum active time is reached. 
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TABLE 12 

Correlated Spill Amount versus Effective Active Time 

effective active time correlated spill amount 
(in millisecond) (in gram) 

2 11. 7 

3 15.2 

5 7.8 

12 21.9 

13 21.1 

15 29.2 

18 35.3 

21 24.6 

23 26.4 

25 40.2 

27 45.1 

29 49.8 

29 55.6 
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4.2.2.4 Prediction of Spill Rate 

Even after a number of years of study involving several in-

vestigators (SJ, [7], the "active time" principle that seems 

to govern sand spill from a gas panel bed has remained a my-

stery. Why should spill be gover~ed solely by the time dur-

ing which a pressure ''swing" exceeds a given value, and not 

at all by the peak which the pressure swing attains? 

We think it possible that our present study ~ay provide a 

lead toward an explanation of this mystery. In t~e follow-

ing paragraphs, we will relate how we came upon this possi-

ble explanation. 

It occurred to us that the spill of activated carbon dur-

ing one of our pulsebacks may be related to gravity flow of 

a granular solid from an opening. The spill apparently oc-

curs at a constant rate during the active time. Was it pos-

sible that this constant rate might relate to gravity flow 

from an opening of a dimension somehow associated with the 

dimensions provided for the flow in the geometry of our pa-

nel bed? Perhaps the physics of gravity flow somehow limit 

the rate of the flow even if the flow rate of water at a 

given moment during one pulseback procedure reaches a far 

higher level than the maximum flow rate of water in another 

pulseback procedure. That is to say, perhaps the physics of 

gravity flow somehow limit the rate o= flow even if the peak 

pressure reaches a very high value. 
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Zenz' s expression, referred to in Section 2. 4, can be 

used to estimate the gravity flow of a solid from an open-

ing: 

\'I = (18) 
J tan b 

where 

W = solids flow rate. (gram/cm milli-

second) 

b = angle of repose of solid. 

(degree) 

h' = h - 1.5 dp. (mm) 

h = width of opening. (mm) 

d = particle diameter. (mm) p 
P = effective density of solid. 

= true density of particle minus 

density of fluid. 

(3 = constant = 6.03 10-6 

From the design of the panel bed filter and properties of 

activated carbon, the following data can be obtained: 

1. angle of ~epose = 29 degree. 

2. effective density of solid = 570 kg/m3. 
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3. "width" of the louver space = 9 mm (along the 25° an-

gle from the leftmost edge of one louver to the low-

ermost edge of the next higher louver; see Figure 

10). 

There are twelve spaces between louvers, each 15 cm 

across in the direction transverse to the water flow. From 

the data given above, we can use equation (18) to calculate 

the spill rate in terms of gram/millisecond, to obtain a va-

lue of 2 .10 grams/millisecond. This is very close to the 

experimental value, as mentioned earlier, obtained from the 

slope of Figure 22, which is 1.72 grams/millisecond. 

By using the idea of correlated spill amount and effec-

tive active time, we can roughly calculate spill rates for 

sand/water system from Whitmire's data. (Whitmire's data are 

insufficient in amount and are too scattered to permit more 

than estimates.) Comparing the calculated spill rates wi~h 

values calculated from equation (18), we found fair agree-

ment. (See Appendix F) 

When we used the same equation to predict the spill rates 

of Lee's data for a gas systern[S], the predicted values are 

always far larger than the experimental ones. Recalling the 

high-speed movies taken by Lee and Whitmire, we surmise that 

there are different mechanisms on spill fronts for water/ 

solid and gas/solid systems. 
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In the water/solid system, water carries the spilled 

particles for a longer distance laterally before the parti-

cles fall downward. This phenomenon can be explained by the 

higher momentum of water. For the gas/solid case, the gas 

flow cannot car~y solid particles laterally due to its 

smaller momentum. Particles at the front surface are lifted 

a small distance by the gas stream, and then slide off the 

lifted surface. In this circumstance, the width of opening 

between adjacent louvers may not be relevant to the sand 

spill. Instead of calculating a spill of the sand from the 

louver geometry, it might be sensible to use equation ( 18) 

in an attempt to calculate the distance to which sand was 

lifted during puf=back of the gas panel beds. 

Aooendix G gives the calculated lifted distances by using 

Lee's spill rates and equation (18). One can see that the 

lifted distances are weak functions of particle size. Note 

also that when the particle diameter approaches the lifted 

di stance, it becomes di !"ficul t to predict the relationship 

between lifted distance and spill rate. This might explain 

the scatter in Lee's data for particles as large as 10-14 

mesh. It may be noted that the factor 1.5 on particle diam-

eter in equaticn (18) is empirical, and one may expect poor-

er agreement as h' becomes small. 
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The observations reported in this section were made late 

in our study. We believe that they suggest a strong lead 

for further work on the study of both pulseback and puff-

back, as well as suggesting a qualitative explanation of the 

reason for the different dependence upon active time in the 

two techniques for removing solid from the dirty face of a 

panel bed. 



Chapter V 

CONCLUSIONS 

The pulseback behavior of a panel bed can be determined by 

the pulsed pressure, design characteri sties of the system 

(especially, the louvers), and properties of the packed sol-

ids ( activated carbon) . Some ccnc lusions can be made from 

this study: 

1. The sudden pulse of water from the clean side of the 

panel bed filter by a high pressure causes the solids 

to be spilled from the front surfaces of the louvers 

in amounts distributed with approximate uniformity 

among the surfaces. 

2. There are inhomogeneities in the carbon bed immedi-

ately after loading the panel bed with activated car-

bon, and pulseback operation is unstable and unpred-

ictable for the first few spills. 

3. The space between two louvers cannot be smaller than 

a certain value, about 15 mm in this work. Other-

wise, the friction between the louver walls and acti-

vated carbon particles will make the carbon stick and 

cause "free spaces" to appear after each pulse. 

4. The oscillation of pressure difference across the pa-

:-iel bed occurs for a very short time (always less 

96 
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than 1 second). This means the pulseback operation 

can be performed in less than a minute, which is 

short enough from a practical point of view. 

5. There appears to be a relationship between ~he spill 

rate of activated carbon and the active time produced 

by the pulseback pressure. For our specific equip-

ment, the equation for the discharge rate of solids 

proposed by Zenz can predict the spill ra<:e fairly 

well. 

6. The non-uniformity on carbon spill distribution which 

we observed will increase the circulation of carbon 

through a regeneration process by an acceptable am-

ount, viz., less than about 30%. 



Chapter VI 

RECOMMENDATIONS 

1. The information on pulseback given here is adequate 

for planning fur~her experiments in similar equipment 

using activated carbon packed in a panel bed to ab-

sorb phenol and other contaminants from waste water. 

2. Before a commercial device could be designed, ·~ l. .. 

would be necessary to build and test a panel bed of 

appreciably greater height. The taller panel bed 

would increase the overall rate of water flow per 

unit of ground area to a practical range. 

3. A better understanding of the physics of pulseback 

could probably permit design of a better panel bed, 

or a better system for administering pulseback, lead-

ing to greater uniformity of spill and greater effi-

ciency of utilization of activated carbon in adsorb-

ing phenol. 
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Appendix A 

PROPERTIES OF ACTIVATED CARBON USED IN THIS 
STUDY* 

Manufacture: 

Westvaco Chemical Division, Carbon Department, Cov-

ington, Virginia. 

Commercial Name: 

Nuchar WV-G 12-40 

Scecifications: 

1. Iodine Number,Minirnun 1050 

2. Abrasion Number,Minimum 75 

3. Moisture(%),Maximum 2 

4. Ash(%),Maximum 8.5 

Typical Properties: 

1. Apparent Density(lb./cu. ft) 27.5 

2. Bed Density(lb./cu. ft) 25 

3. Surface Area(sq. m/g) 1100 

4. Wetted Particle Density(g/cc) 1. 4 

5. Effective Size(mm) 0.55-0.75 

6. Voids in Packed Bed(%) 40 

* This comes from the Product Data Bulletin of Westva-

co. Since the activated carbon used in this study had 

been screened to 20-40 mesh, some of t!le properties 

might have changed slightly. 
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Appendix B 

DETAILED SCHEMES OF THE PANEL BED USED IN THIS 
STUDY. 

160 I'- 42 -1 it-42 -')f 
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(Top view of the panel bed) 
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Appendix C 

ELECTRONIC SUBTRACTOR CIRCUIT 
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Appendix D 

SCHEMATIC ILLUSTRATION FOR THE CALIBRATION OF 
TRANSDUCERS 

three-way 

1 

connect to the electronic 
sys tern shO\m in 
Figure 11 

level 

'-glass tube 
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Appendix E 

MATERIALS AND EQUIPMENT IN FIGURE 11 

Oscilloscope (~). Type 564 storage oscilloscope, ser:al 

number 004973. Manufactured by Tektronix Inc., Portland, 

Oregon. 

Electronic Subtracter(~). Manufactured by the Chemical En-

gineering Shop at VPI&SU. 

Amplifier(g). Model 549A, filter 545Bl4, Piezotran type. 

Manufactured by the Sundstrand Data Control Corp., Richmond, 

Wash. 

Transducer Elements(Q). Model 206, range 0-552 KPa (0-80 

psi), 15.59 mv/KPa (110 mv/psi), Kistler type. Manufactured 

by the Sundstrand Data Control Corp., Richmond, Wash. 

Solenoid Valve(f). 3.38 mm orifice diameter, 115 volts, 21 

watts, ~odel number 16C89C8-5. Manufactured by the Valcor 

Engineering Corp., Kenilworth, N.J. 

Solenoid Valve(g). 3.175 mm (1/8 inch) fittings, 2.38 mm 

(3/32 inch) orifice diameter, 115 volts, 16. 7 watts, serial 

number 151585. Manufactured by the Automat.:.c Switch Co., 

Florham Park, N.J. 

Air Reservoir(l). 

nuf actured by the 

Made of plexiglass, 103 c~3 volume. 

Chemical Engineering Shop at the 

University of New York. 
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Appendix F 

CALCULATED AND PREDICTED SPILL RATES FROM 
WHITMIRE,S DATA 

Specifications: 

valve 
size 
(mm) 

3.38 

3.38 

6.15 

6.15 

3.38 

3.38 

6.15 

angle of repose = 32 degree. 

width of opening= 7.62 mm 

effective density of solid = 16CO kg/m3 

reservoir 
( cm3) 

51. 4 

103.0 

51. 4 

103.0 

103.0 

51. 4 

103.0 

sand size 
(mm) 

1. 89 

1. 89 

1. 89 

l. 89 

0.72 

0.72 

0.72 

spill rate 
(g/cm2msec) 

0.015 

0.015 

0.028 

0.028 

0.019 

0.019 

0.026 

spill rate 
predicted by 

equation (18) 

0.0267 

0.0267 

0.0267 

0.0267 

0.0313 

0.0313 

0.0313 

* assuming h = full width of space 
between louvers, i.e. from leftmost 
edge of one louver to the lowermost 
edge of the next higher louver. 
Whitmire's louvers resembled those 
seen in F:gure 2. 
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Appendix G 

CALCULATED LIFTED DISTANCES FROM LEE'S DATA 

Direction of Average particle 

Lifted diatance (mm) 

predicted by 

equation (18) pulsed pressure* diameter (mm) 

Side shot 

Side shot 

Down shot 

Downshot 

Down shot 

0.712 

0.356 

1. 692 

0.712 

0.356 

(20-30 mesh) 

(40-50 mesh) 

(10-14 mesh) 

1.16 

1.07 

2.56 

1. 50 

1. 56 

* Sideshot - the pulsed air's direction is perpendicular to 

the panel bed. 

Downshot - the pulsed air's direction is parallel to the 

panel bed. 
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Appendix H 

CORRELATIONS BETWEEN SPI~L DISTRIBUTION AND 
WIDTH OF LOUVER SPACE 

There are some variations for the width of different louver 

spaces even though care was taken during manufacture of the 

middle box. The variations are as following: 

Space number 
(from top) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Average width of 
louver space 

(mm) 

9.92 
9.19 
9.78 
9.12 
8.70 
9.92 
9.55 
9.53 
9.13 
9.39 
8.98 
9.46 

Figures H-1 and H-2 compare the observed spills from pairs 

of spaces and spills calculated by equation (18) based upon 

the observed widths of the spaces. Both observed and calcu-

lated spills have been normalized by the averages of ob-

served and calculated values, to facilitate a comparison. 
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It would appear that there is a minor correlation between 

the two sets of spill values. 
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