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ABSTRACT 

This study of the theoretical performance of gaseous adsorption systems 
is based on an equation for the time-dependent transmission of a gas through an 
adsorber bed of length, Í, and bulk density, p, and a gas-adsorber system 
characterized by an isothermal adsorption capacity, K, and a dispersivity, D. 
For a step-function gaseous input pulse injected into a stream of carrier gas 
which flows through the adsorber at a superficial flow velocity, u, the time- 
dependent expression for the transmission is a function only of the dimension¬ 
less dispersion number, D/ul, and the dimensionless time measured in units 
of the inflection time. A weighted least-squares analysis is developed and 
programmed on a digital computer to determine from an experimental trans¬ 
mission versus time curve the values of the two theoretical parameters 
(namely, the dispersivity and the adsorptivity) in the transmission equation. 
The errors in the values of the two theoretical parameters are evaluated also 
by propagating the errors in the experimental values of the transmission 
through the normal equations of the least-squares analysis. The Newton- 
Raphson method is used for obtaining the solution of the two simultaneous 
normal equations of the least-squares analysis. The theory is used to analyze 
experimental data on the transmission of carbon dioxide in air through molecular 
sieve adsorber beds. Values of the theoretical parameters have been deduced 
from the Christensen (1962) data for one mole percent carbon dioxide on l/8- 
inch pellets, and from the Fox (1966) data for 0. 64-mole percent carbon 
dioxide on both l/l6-inch and l/8-inch pellets for various flow velocities, bed 
dimensions, and air temperatures. At each air temperature, the results are 
consistent with the dispersivity increasing with the square of the superficial 
flow velocity over the range studied. A log-log plot of the transmission at 
the inflection time versus the inflection time correlates all the data analyzed 
for the various experimental conditions of air temperature, adsorber bed 
dimensions, superficial flow velocity, and inlet concentration of carbon dioxide. 
For a given value of the transmission at the inflection time, a molecular sieve 
adsorber bed packed with l/8-inch pellets has a longer inflection time then one 
packed with l/l6-inch pellets. 
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SECTION i 

introduction 

ducted with the reactor Mi^at it bZ^" T“5 “P61'™“« «>•>- 

stream through an activated carbon adit "at WaS Carricd b>^ “ hulium 
through an adsorber bed is defined as the T ^'e ThC lransmission of a gas 
the outlet of the adsorber bed to the eo T’0 °r tho conuuntration of the gas at 
transmission of a stable gaseot totot n lh° inll!l »«d Thl 
reaches the vaiue unity „he„ the cttrJ|0W",8,“Cad"J’ ■» adsorber bed 
ceases to increase. When this stTadtstte , ““ isotot* ™ ^ adsorber 
said to be "saturated. " The saturafiL 1 VaIUC 18 reached. the adsorber is 
partial pressure or atom concentration of iT'1* f adsorber depends upon the 
périment with radioactive ktypton “m T 1,0 ‘he «“ Phase. The ex 
Signed so that the time to saturate the Jd f Sa 4'4 hour half-life, „as de- 
ime for decay of the radioactive gas The^ WaS comParable „¡th the life- 

transmission of radioactive kronen Lr T uxPcrimental results revealed that ,1 
value less than unity. reached a steady-state or 

The analysis and interpretation nf tu 
périment led Madey (1961) to the develo mea^rements obtained in this ex- 
of adsorption of a raiioac ive gas ReTor °f 3 physical theory 
to represent the balance of gains ¡nd ío , 3 ParUal di^rential equation 
e ement of the adsorber resulting from the8 ° radioactlve atoms in any volume 
ion, and radioactive decay. The theorv ^rocesses of «ow, adsorption difus- 

ermai adsorption capucé, K 1 a diZ namely', an L- 
the gas-adsorber system. The'adsorofion 0" "spl'rsl0" eoefficem, D. for 

3“ t0 remOVe a partlcular gas» it isTsTüc 'V meaSure of the ability of 
ivity is a measure of the dispersion Ár cfiaractoristic. The distx'r 

■cm; it is a dynamic charaSst* v,,“ Par'iCUlar Ka8 lhr™b'h the porous ^’d' 
■fcced from the measurement at be Brol? CSC 
<a.ned between the theoty and the experiment, — ab¬ 

solutions to the deferential èZaTo'àThM SUbse<|uentlV ebtained more general 
— - -tien to ÆS — 

Madey, Richard and Pflumm t» 
Cd, Report RAC 885 (1962, „Á ^ 
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delta-function input pulse of a stable gaseous isotope through an adsorber bed was 
reported by Madey, Fiore, Pflumm, and Stephenson (1962). In this 1962 paper, 
these authors analyzed experimental data obtained previously by Browning et al 
(1959a; 1959b; 1962) at the Oak Ridge National Laboratory on the transmission 
of a pulse of krypton-85 gas through an activated carbon adsorber bed. In these 
experiments, the pulse of krypton gas was injected into a stream of oxygen carrier 
gas flowing through the adsorber bed. The asymmetric shape of the transmitted 
pulse is one of the principal features observed in a pulsed experiment of this type. 
Expressions for the adsorptivity and the dispersivity were derived from the trans¬ 
mission function in terms of experimentally meusured times on the transmitted 
pulse. The analysis of the Oak Ridge experiments gave values for the two theore¬ 
tical parameters, namely, the adsorptivity and the dispersivity. The theoretical 
transmission function faithfully reproduced the asymmetry in the observed trans¬ 
mitted pulse. 

The solution to the differential equation obtained by Madey and Pflumm 
for the time-dependent transmission, T, of a step function input pulse of a stable 
gaseous isotope through an adsorber bed of length, I, is 

with 

(1) 
2 

(2) 

and 

B - Kp+1 (3) 

where p is the bulk density of the adsorber. 

For convenience, the quantity B is called the effective adsorptivity. The 
¿superficial flow velocity, u, is the ratio of the volumetric flow velocity to the 
cross -sectional area of the bed. 

Levenspiel and Bischoff (1963) review five dispersion models for the flow 
of fluid in empty tubes and packed beds : 

1. General dispersion 
2. General dispersion in cylindrical coordinates 
3. Uniform dispersion 
4. Dispersed plug flow 
5. Axial dispersed plug flow (ADPF) 

“The complementary error function is defined; 
2 Ç s -X2 dx 
^ J erfc s 1 - erf s = 1 
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The first three of these models take into account the velocity profile of the fluid 
The last two assume a flat velocity profile equal to the actual mean velocity. The 
first model has a very- general vector dispersion coefficient; the next three models 
have both radial and longitudinal dispersion coefficients; and the last mod»l has 
only an axial dispersion coefficient. The other parameters of these models depend 
on the assumptions made regarding the relationship between the adsorbed and fluid 
pnases. 

/1CM7 i a0!l, Tinar in empty c>lindrical tubL‘s> Taylor (1953) and Westhaver 
(1947a, 1947b) have shown that dispersion caused by molecular diffusion and radial 
velocity variations can be represented by an effective axial dispersion coefficient 
and a flat velocity profile equal to the actual mean velocity of the fluid. They show 
that the effective axial dispersion coefficient gives the same results as the more 
general dispersion models involving both radial and axial dispersion coefficients 
and the true velocity profile; accordingly, the ADPF model is equivalent to the 
more complicated models for laminar flow in empty tubes. 

In the hierarchy of dispersion models listed above, the Madey-Pflumm 
equation represents a solution to the axial dispersed plug flow model for packed 
beds. 

This study of the theoretical performance of gaseous adsorption systems 
is based on the Madey-Pflumm equation above. The objective of this study is to 
generate and to validate a computer program that will permit the determination of 
the two theoretical parameters (namely, the effective adsorptivity, B, ano the 
dispersivity, D) of the Madey-Pflumm equation from an analysis of experimental 
data on adsorption. The purpose of this report is twofold; 

(1) To describe the basic analytical techniques that have been develo- 
ed to determine the values of the two theoretical parameters in the 
transmission function and their errors from an experimental trans¬ 
mission versus time curve, and 

(2) rePort the results of the analysis of experimental data on the 
transmission of carbon dioxide in air through molecular sieve ad¬ 
sorber beds. 

3 



SECTION II 

THE TRANSMISSION AS A FUNCTION OF TIME LN UNITS OF THE INFLECTION 
TIME 

1. THE PROPAGATION- TIME REPRESENTATION OF THE TRANSMISSION 
FUNCTION 

According to the Eq 1 and 2, the transmission is a function of two dimen¬ 
sionless quantities 

T T (D -, T ) = D ¿ fr 2 + t"2 ] 
1 u f p ui 1 p - P J (4) 

where 

D 
ui 

- D/ui 

■1 Bi/u 

3 t/tp 

(5) 

(6) 

(7) 

The dimensionless group denoted by the symbol, D^, is a dispersion num¬ 

ber for the fluid-adsorber bed system. The quantity, t^, is called the propaga¬ 

tion time. For the case of a system with a zero dispersion number, the trans¬ 
mission versus time function is a step function with the step occurring at a time 
equal to the propagation time. The propagation time is not readily obtained from 
an experimental transmission versus time curve except for systems with zero or 
near zero dispersion numbers. Since the inflection time can be estimated from 
an experimental transmission versus time curve, it will prove useful to repre¬ 
sent the theoretical transmission versus time curve in terms of the inflection 
time. 

2. THE IN FLECTION-TIME REPRESENTATION OF THE TRANSMISSION 
FUNCTION 

The inflection time, t., which occurs when the second time derivative of 

the transmission equals zero, is-: 

\ lp/lJ (P > 1) (8) 
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where the inflection time parameter, p, denotes the following funeti 
persion number h 

P -3 Dui + (9D t i + 1) 
u£ 

on of the dis- 

(9) 

In terms of the inflection time parameter, the dispers rsion number is 

D P - 1 
^ " 6 p ) ßp (10) 

In terms of the inflection time and the inflection time parameter the 
rgument s± of the complementary error functions in the transmission equation 

become 

V - (7^7-)'(-.Sv) (11) 

where T. denotes the time measured in units of the inflection time; that is, 

T. - t/t. 
(12) 

The inflection time representation of the tn 

2T 
2 2 

(s - s ) 
e + - erfc s + erfc s 

ansm;ssion equation is 

with given by Eq 11. m ihls represenlation, Ihc transmissi 

of p and t ; 
1 

(12) 

on is a function 

T2 (P«V (14) 

The inflection time representation of the transmission function has been 

programmed en a competer. Tht computer results for the tranTmisln versus 
ime in units of the inflection time are tabulated in table I for values of the in 

flection time parameter p equal to i.00!, i. 005, 1.01,1.05 1.1 nr, 2 2 - 

2 ’r20,H5i0nn100’ and i000' T^smlssion versus time curves for p l’ool 1 1 
, o and are plotted on a linear scale in fiR. 1 and on a loR-loR scale in fiR.' 2. 

3. THE TRANSMISSION AT THE INFLECTION TIME 

Both the inflection time and the transmission at the inflection time can be 

“fr IT 7k'Cti0n POim °f transmis^v susm" , : curve. At the inflection time, r. 1 and bUh 1 ‘ 

/ o J , p + 1 ¿ 

^ (t) (ftt) (15) 

0 
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This equation together with Eq 13 defines the transmission at the inflection 
time ; obviously, the transmission at the inflection time is a function of the para¬ 
meter p only. Values of the transmission at the inflection time for several values 
of the inflection time parameter are presented in table II and in fig. 3. 

4. THE SLOPE OF THE TRANSMISSION AT THE INFLECTION TIME 

The slope of the transmission versus time curve is 

d T 
9 T. 

j 

(s+ + s_) 

2 sf-m. 

2 
-S 

e - (16) 

with s+ given by Eq 11. At the inflection time (r. - 1), s+ is given by Eq 15 and 

tne slope is ~ 

( 
9 T \ 
9 T. / 

i T. = 1 
1 

_£ 
2 1 

(P - D2 

_ JL £ii 
e 2 p+1 (17) 

This derivative is a function of p alone. As p approaches unity, the slope be¬ 

comes infinite; as p approaches infinity, the slope is (3/27r)2 e~3^2 = 0.1544. 
Corresponding values of the slope of the transmission at the inflection time, the 
inflection time parameter, and the transmission at the inflection time are pre¬ 
sented in table n. 
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SECTION m 

THE LEAST-SQUARES ANALYSIS AND ERROR EVALUATION 

1. 
least-squares determination of the effective adsorptivity 
Arl.f THE DISPERSTVITY IN THE TRANSMISSION FUNCTION 

a. Statement of the Problem 

We want to represent a set of observational points (t, T' ) bv the 
theoretical equation * k' 

with 

2 T uf/D f 
e erfc s + erfc s 

2 s 
+ 1 D ' ( 

M. 
ut )2 + ( 

tu 
Bi ) 

1 
2 

(D 

(2) 

We assume that the observed value of the transmission, T¿ , is measured at an 

accurately known time, tk, with an estimated standard deviation, ô T» It is 

assumed also that the adsorber bed length, i, and the superficial flow velocity u 
of the gas through the adsorber bed are accurately known quantities. In order’ 
to represent these points by the smooth function, T, we shall use the least- 

Së^orp^ B.eValUate the beSt V:“UeS °f the diSperSiv“5’’ D- the 

The best values of D and B in the least-squares sense are such that 
8um of the squares of the weighted residuals is a minimum; that is, 

the 

R I 
k=l k k a minimum 

with the residual 

Y 
k Tk <V D’ B> 

(18) 

(19) 

and the weight W of a residual Y, defined at t as 
K k k 

10 



(20) Wk =rV(ô T^)2 

The quantity, <5 T/, denotes the standard deviation in the experimental value cf the 
** th 

transmission for the k data point, and r is an arbitrary constant equal to a 
standard deviation in the transmission that is chosen to be of unit weight. 

b. The Normal Equations and Their Solution 

In order to satisfy the least-squares criterion given in Eq 18, the first 
partial uerivatives of R with respect to the theoretical parameters D and B should 
be zero: 

3 R 
d D 

L 
k=l 

W Y 
k k 

d Y. 

a d 

d R 
a b 

n 

I Vk a b o 

(21) 

(22) 

Eq 21 and 22 are called the "normal” equations. 

The normal equations may be solved numerically for the parameters D and 
3 

B by the Newton-Raphson Method. Accordingly, we expand Eq 21 and 22 in a 
th 

Taylor Series about the j iterates D. and B. and obtain the (j+l)St values D 
J J j+1 

and Bj+i' The iteration is continued until a desired convergence criterion is 

satisfied. The Taylor expansions of Eq 21 and 22 are 

a R 
a D CM) 

a D j iDj+i ~ Dj) + (a Da b) (Bj+i “ Bj) 0 <23) 
j 

a R 
a b Dj) + (H). <Bj+i-Bj)=0 <24> <1 B J 

The Newton-Raphson Method for simultaneous equations is described in the 
book by Scarborough (1962) 

11 



Eq 23 and 24 are linear in D.+i and B.+1. The solution for D.+1 and B.+1 

where the determinant of the coefficients is 

(25) 

(26) 

A = 
j (H) 

_ 9 D j 
(27) 

After iterating until the convergence criterion is satisfied Eq 25 
and 26 give the "best" values in the least-squares sense of the theoretical para¬ 
meters D and B. 

It is possible to obtain an initial estimate of the solution of the normal 
equations from the inflection point of an experimental transmission versus 
time curve. From the value of the transmission at the inflection time, one 
can obtain a value of the inflection time parameter p from fig. 3. Then, Eq 10 
can be used to obtain the initial guess for the dispersion number D and Eq 8 

uf M 
gives the propagation time as the product of the inflection time t. and the inflec¬ 

tion time parameter, p. The dispersivity, D, and the effective adsorptivity, B 
can then be obtained from Eq 5 and 6 for Lr- wn values of u and l. 

2. EVALUATION OF STANDARD DEVIATIONS IN THE EFFECTIVE ADSORP¬ 
TIVITY AND THE DISPERSIVITY 

We now wish to propagate the errors in D and B through the normal equa 
lions with respect to the experimentally observed errors <5T’ in the trans¬ 

mission. The errors in D and B are obtained from the law of propagation of 
small errors, viz : 



(27) 

2 n 
2 

/a b 
va T, k 

) 

dlffere„Ua0terd,he ITnTeZZZÎZtZoTDm'' V" ““ * ** Sha" 
respect to T we obtain tü Tj- DÍÍferc‘ntiaUn« Eq 21 with 

^ WkYk 
k=l 

2 
a Y. 

a d 

a d 
»t: 

2 
a y 

+ Y k as a Y. ¿) y 
k k a D 

k a Da b a T! öd a d 9 t' 

+ Uli ü 9_B ^k ^Yk 
ao a b a t: + öd ax1 

j 

Now, in the last term in Eq 30, we note that 

9 Y. 

a T 
j 

jk 
1 for k=j 
0 for 

Accordingly, Eq 30 may be rewritten as follows 

J 
(30) 

(31) 

8 D 
a T' 

n 

r w. 
] k=l 

(aA) 
V 3D / 

8 B 
a T’ 

j 
I 
k=l 

r 2 
V 0 Y, a y, a y Yk_k , k *k 

a Da b a d a b 

(32) " 

of Bq 21 and 23 with rea^ct to D vTz: “ ^ ^ •»«»' Privativos 
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and 

2 
0 R 

2 
a d 

2 
d R 
9 DB B 

I 
k=l 

I 
k=l 

Wk ' k 

W. 

Hence, Eq 30 simplifies : 

9 R 9 D 

2 
0 Y, 

9 D 

/ 3 Y, 

(jtt) 

2 
9 Y 

k 9 Yk 9 \ r -- + —K  k 
k 9 D9 B 9 D 9B 

9 R 9 B 9 T. 

a D* a T' + a Da b a t: + wj 
J J 

= 0 

(33) 

(34) 

(35) 

By interchanging the D's and B's of Eq 35, 
other normal equation, Eq 22: 

we obtain a similar result from the 

9 R 9 D 9 R 9 B 9 Y. 

9 D9 B 9 T 
J 9 B 

9 T! 
J 

+ W 
j 9 B 

= 0 

We now solve Eq 35 and 36 for d D/d T! and 9 B/d V : 
j j ’ 

9 D 
9 t: 

j 

w. 9 Y. 

A V 9 D 

9 Y. 
_1 
9 B 

2 
9 R \ 

9 B9 D / 

9 B 
9 T! 

2 
9 R 

2 
9 D 

9 T. 

9 D 

2 
9 R \ 

9 D9 B / 

where the determinant of the coefficients is 

— 2 2 2 2-1 
(9 R 3 R 9 R \ 

_V9D 9B2_9D9Bj 

(36) 

(37) 

(38) 

(39) 
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ü- calcula,i„g 3 d/s t, ^ , ^ T, ^ ^ of D and R , 

Since there are n experimentally observed values ,u , 
Ed 37 and -î« rw iUeS transmission T' 

Amn D and A B^IrlS'from E^ld^o" d“-atio„/ 
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SECTION IV 

THE LEAST-SQUARES ADSORPTION COMPUTER PROGRAM 

The Least-Squares Adsorption Program instructs a digital computer to 
solve the two simultaneous normal equations Eq 21 and 22 of the least-squares 
analysis presented in Section III for the values of the dispersivity, D, and the 
effective adsorptivity, B. Ihe Newton-Raphson method Ms used for the solution 
of two simultaneous equations in two unknowns. The computer iterates the para¬ 
meters D and B until a convergence criterion is satisfied. The convergence 
criterion is that 

N 

, D. - D 

HV") ♦ ( 
j 

B 
i±L 

B. 

B. 
J 

) ^ (40) 

where the convergence parameter, is an arbitrarily chosen number. For 

a sufficiently small value of p^, this criterion insures that changes in the values 

of the parameters are insignificant upon further iteration. The ^alue of the 
convergence parameter, p^, used for the analyses reported in Section V is 10-5. 

We observed that p^ could be an order of magnitude larger without significantly 

changing the solution for the two parameters. After determining the least 
squares values of D and B, the computer calculates standard deviations AD in 
D and A B in B. When the standard deviations have been computed, a table of 
theoretical values of the transmission versus time is computed. 

The Least-Squares Adsorption Program consists of a main program and 
several subprograms. The subprograms are either "subroutine" or "function" 
subprograms. The name (computer symbol), and function of each subprogram 
follows : 

The Newton-Raphson (DNR) "subroutine" subprogram performs the 
Newton-Raphson iterative processes. 

The Cycling (DCYCL) "function" subprogram shifts or "cycles" 
the initial estimates of the two theoretical parameters (viz, the 
dispersivity, D, and the effective adsorptivity, B, whenever 
iterated values of D and B are diverging. 

4 
Same as footnote 3 on pago 8 



(1-S'rSQI »«bprOBram «,kulat,s ,hl. 

Èa ^Í T, TTn'CS OÍ “,C "Ll,ihU,d «••»“ta»'«. H. in the 
normal e r °r ^ ‘Nl'»'ton-Ha|)hson solutions of the normal equations. 

4' residuaïlVv iVL' «»^ram ealcuiatos the 
siduals Vk and their first and seeoml partial derivatives. 

5- e’lSrr810" (UTKAKS, Fm,CUm "fmcUon" program eal- 
s the transmiss an for Biven values of the dimensionless 

dispersion number 1^ ( D/uf) and the dimensionless time measur- 

ed In units of the infleetion time. 

,Thh° Err°,r f'uncUo'1 (EKPCC) "funetion" sul,proBram ealealates 

uL^on11 Th“1“1? L'rr0r hmL'>,°nS f0P USt' ¡n thl' transniission 
1 unction. This subprogram uses the rational approximation to the 
error function from Hastings (1950) when the argument of the error 
function is less than 2. 4. Since the relative error in the Hastings 

pproximation becomes larger as the argument of the error func¬ 
tion becomes large, the asymptotic series approximation to the 
error function is used when the argument of the error function 
is greater than 2. 4. 

7. The Parameter (PARAM) "funciion" subprogram deter,,„„vs the 
m eeuon time parameter p from a given value of the Irans- 
mission at the inflection time. 

The program has been executed on three different comnulimi machine«. 

ofR1 ¡TV" IB*f'16.f at Clarkson College, later on an IBM-7044 at theYniversity 
Buffalo, and still later on an IBM System 3G0 Model 44 at Clarkson College^ ' 

36<X°rram tS VVritten in a FOrtran W lan^‘ The iteration time on the IBM- 
about 200°mHl er 18 f °Ut 20 mi,liseC0nds data point; hence, for exanq.le 

t 200 milliseconds is required per iteration for an experimental transmis- 

oîTheTeast 7° OÍ 10 data I,oints* Fi«u^ * is a diagram ol the Least-Squares Adsorption Computer Program. 

The program points out information in the following categories; 

1. Run Identification 
2. Input Data 

3. Initial Estimate of the Solution 
Output 

Comparison of Experimental and Theoreiieal Transmission 

Under "rim identification" will he brief identifying information suet, as 

3(?ü i'ltítd"«1967' ClaikS0" CO"‘T'' «* UtM-ltilhl with an IHM .Svstein 
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CHRISTENSEN, .154 LB/MIN, 350 DEG R 

CARBON DIOXIDE ON ONE EIGHTH INCH TYPE 5A MOLECULAR 
SIEVE PELLETS 

of the foliowing^quantitîes: bid lelglh^ed"^^1 ^ ^ ^ 
velocit}', adsorber bulk densih- oni i'c .- ! velocity, superficial flow 
Olgas, and temperature Also'lisi I raC lon’ 1,llet oonceruraLon, total pressure 
-, il known, " 

Uo„ time, the ^ 

versus toT°' " eXperimental and theoretical values of the transmission 



SECTION V 

COMPUTER ANALYSIS OF EXPERIMENTAL DATA ON THE TRANSMISSION 
OF CARBON DIOXIDE IN AIR THROUGH MOLECULAR SIEVE ADSORBER BEDS 

1. THE CHRISTENSEN DATA 

The Christensen (1962) report contains data for one mole percent carbon 
dioxide (CO ) in air flowing through 3.55 inch diameter adsorber beds packed with 

¿á 

l/8 inch type 5A molecular sieve pellets. These data are for air temperatures 
of 350, 400, 450, 500 and 530° R and for mass flow velocities of 0. 514, 0. 308, 
0. 463, 0. 616 and 0. 720 pounds of air per minute. Although the Christensen re - 
port states on page 10 that the transmission versus time was measured directly, 
these data are not included in the report; unfortunately, also these data are no 
longer available. The Christensen report presents curves of the adsorption load 
L versus time with the air temperature and the mass flow velocity as parameters. 
Also presented are curves of the adsorption load versus the air temperature (or 
the mass flow velocity) with the muss flow veloci^ ^or the air temperature) and 
the dynamic adsorption efficiency E as parameters. The adsorption load is the 
amount of carbon dioxide adsorbed on the molecular sieve at any given time. It 
is expressed as a fraction of the weight of the dry sieve. The Christensen re¬ 
port defines the dynamic adsorption efficiency E as 

E = 1 - T (41) 

where T is the transmission. 

The procedure for obtaining values of the transmission versus time from 
the Christensen report involves cross-referencing the adsorption load, the mass 
flow velocity (or the air temperature), and the dynamic adsorption efficiency with 
the corresponding time from the curves of adsorption load versus time. The 
transmission versus time data deduced by this procedure are presented in tables 
III through VIL Note that although the mass flow rate was held constant as the air 
temperature was varied, the superficial flow velocity is different for each tern* 
perature since the density of air is temperature dependent. The superficial flow 
velocities are listed in tables VIII through XI under data identification. 

The transmission versus time dita listed in the tables III through VII were 
used as inputs to the computer program for obtaining the least-squares values and 
the standard deviations of the dispersivity D, the effective adsorptivity B, the 
adsorptivity K, the inflection time t. and the inflection time parameter p. The 

computer results are given in tables VIII through XI. The standard deviation in 
the dispersivity and the effective adsorptivity were computed on the assumption 
that the uncertainties in the experimental values of the transmissions .'re the same 
for each value of the transmission. As can be seen from Eq 18, this assumption 

20 



is equivalent to giving equal weight to each value of the transmission. The 
Christensen report does not give the uncertainties in the experimental values of 
the transmission. The standard deviations were computed for unit uncertainties 
in the transmissions. Actual values of the standard deviations may then be ob¬ 
tained by multiplying these computer values by the assigned uncertainty in the 

,n the.trvai"smifions- Thli values of lho standard deviations reported 
in tables ym through XI are for assigned uncertainties of 0.1 in the experimental 
values of the transmissions. 

In tables XD through XVI, the theoretical values of the transmission are 
compared with the experimental values. The theoretical transmission values are 
calculated for each case at the times corresponding to the experimental transmiss¬ 
ion values listed in the left-hand column of each table. The experimental trans¬ 
mission versus time data are listed in tables III through VII. Graphs of the time- 
dependent transmission are given in the Appendix. The solid lines represent the 
theoretical transmission functions whereas the points are experimental. 

2. THE FOX DATA 

Fox (1966) has obtained data for 0. 64 mole percent carbon dioxide (CO ) 

m air at a temperature of 75J F flowing through 0. 85 inch diameter adsorber beds 
packed with 1/16 inch type 5A molecular sieve pellets. Fox also obtained similar 

ata for 2. 3 inch diameter adsorber beds packed with l/8 inch type 5A molecular 
sieve pellets. Although the transmission versus time data do not appear in the Fox 
report these data were furnished by Mr. W. B. Fox, Jr., and are listed in tables 
XVII through XXL The conversion of the mass flow rate of the volumetric flow 
rate and the superficial flow velocity of dry air at a temperature of 75° F for the 
Fox data is given in table XXIL 

The transmission versus time data listed in tables XVII through XXI were 
used as inputs to the computer program for obtaining the least-squares values and 
the standard deviations of the theoretical parameters. The computer results are 
given in tables XXIII through XXVL Here as in the Christensen data, the standard 
deviations reported are for assumed uncertainties of 0.1 in the experimental values 
of the transmissions. 

In tables XVII through XXI, the theoretical values of the transmission are 
compared with the experimental values. Graphs of the time-dependent transmiss¬ 
ion are given in the Appendix. The solid lines represent the theoretical transmiss¬ 
ion functions; whereas the points are experimental. 
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SECTION VI 

CORRELATION OF DATA ON THE ADSORPTION OF CARBON DIOXIDE IN AIR 
ON MOLECULAR SIEVES 

VARIATION OF THE ADSORPTIVITY WITH THE AIR TEMPERATURE 

The adsorptivities obtained from the analysis of the Christensen data (for 
the transmission of one mole percent carbon dioxide in air at various temperatures 
through 3. 55 inch diameter adsorber beds packed with l/8 inch type 5A molecular 
sieve pellets) are listed in tables VIH and IX. The lowest temperature of 194. 4° K 
is the sublimation temperature of carbon dioxide. The data for a mass flow rate 
of 0. 308 pounds of air per minute have been regrouped in table XXVH and plotted 
in fig. 5. As indicated in table XXVII, the data for the 6 inch and the 18 inch beds 
have been combined. The semi logarithmic plot in fig. 5 indicates that the ad- 
sorptivity does not vary with the air temperature for the lower air temperatures 
and that it decreases exponentially with air temperatures at the higher air temp¬ 
eratures. The adsorptivities at the higher air temperatures are given by equa¬ 
tions of the form 

K Ko exp ( - u/Oo) (42) 

where Oo is a characteristic temperature. The temperature dependence of the 

adsorptivity is given by 

K (cc/gm) = 8.14 X 10 exp ( - ü/lOO) (233 <_ D (°K) <_ 300) (43) 

for a mass flow rate of 0.154 pounds of air per minute and by 

K(cc/gm) = 1.08 X 10° exp (-ü/90) (255 ^0(^)^300) (44) 

for a mass flow rate of 0. 308 pounds of air per minute. Note that a characteristic 
temperature of 100 °K corresponds to a thermal energy ko = (1/120) eV. 

2. VARIATION OF THE DISPERSIVITY WITH THE SUPERFICIAL FLOW 
VELOCITY 

The dispersitivites obtained from the analyses of the experimental trans- 
mission-versus-time curves for carbon-dioxide on molecular sieve adsorbent are 
listed in tables VIII and IX for the Christensen data and in tables XXIII and XXVI 
for the Fox data. At each air temperature, these results are consistent with the 
dispersivity increasing as the square of the superficial flow velocity in the interval 
from about 15 to 70 cm/sec. More data are required in order to determine the 
superficial velocity dependence of the dispersivity at lower superficial flow veloci¬ 
ties. It should be noted also that the dispersivity decreases as the temperature 
decreases. 
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Taylor (1953) and Aris (1956) have obtained relations for the velocity de¬ 
pendence of the dispersivity of a fluid in an empty tube of radius r when the con¬ 
centration of the adsorbate is essentially uniform over the cross-section and dis¬ 
perses relative to the fluid which has a flat velocity profile and a mean velocity u 
along the axis of the tube. Aris's expression is 

2 2 
D-D + r u /48D m- 

m m (48) 

Aris showed that the numerical value of the coefficient of the molecular diffusivity 

Dm in Eq 48 iS in Seneral a functi°n of the tube geoiretry and the velocity profile. 

Levenspiel rnd Bischoff (1963) state that use of Eq 48 for the effective dispersivity 
gives the same results as would be obtained from the more rigorous calculation in¬ 
volving radial and axial diffusion and a true velocity profile. 

A survey of the literature does not reveal a suitable theoretical express ■ 
lon^for the flow velocity dependence of the dispersivity in packed beds. Saffman 
(1959, 1960) provides theoretical expressions for the flow velocity' dependence of 
the dispersivity for a bed composed of randomly distributed cylindrical pores of 
uniform length and cross-section. Saffman's expressions are expressed in terms 
of the length and cross-section of the pores. Application of Saffman's expressions 
to the analysis of packed beds would entail determining an "effective" pore length 
and cross-section for beds randomly packed with molecular sieve pellets. This 
work has not been attempted at this time. 

3. INFLECTION POINT CORRELATIONS 

The least-squares values and the standard deviations of the dispersivity', 
the adsorptivity, the inflection time and the inflection time parameter deduced 
from the Christensen and the Fox data are given in tables VIE! through XI and 
tables XXin through XXVI as shown in Section II, the transmission at the inflection 
time ia a function only of the inflection time parameter p which in turn is a function 
only of the dimensionless dispersion number, D^. Arranged in table XXVEII in 

increasing order of the inflection time, 1., for the Christensen and the Fox data 

are values of the transmission at the inflection time, T., and the inflection time 

parameter, p. The dimensionless dispersion number, D^, and the propagation 

time, tp, are arranged in a similar manner in table XXIX. 

figure 6 is a log-log plot of the transmission at the inflection time versus 
the inflection time for the various experimental runs in both the Christensen and the 
Fox data. The values derived from the Fox data with the l/l6 inch pellets lie on 
one line which extends over about one order of magnitude in the inflection time. 
All of the values derived from the experimental data of both Christensen and Fox 
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for the l/8 inch pellets correlates transmission versus time data obtained under 
various experimental conditions of air temperature, adsorber bed dimensions, 
superficial flow velocity, and inlet concentration of carbon dioxide. The Fox data 
for the l/l6 inch pellets were obtained at a temperature of 75° F for three differ¬ 
ent lengths of adsorber beds and for five different superficial flow velocities. 

In the straight-line regions of the log-log plot, the transmission at the 
inflection time may be represented by a power-law of the form 

T. = ktn 
X i 

(49) 

The coefficient k and the exponent n have the values indicated below: For l/8 
inch pellets, 

0 32 
Tj = 0.0930 tj * (2 <_ tj (min) 150) (50) 

For l/l6 inch pellets, 

0 26 
T. = 0.155 t. ‘ (0. 8 <_ (min) 20) (51) 

For a given value of the transmission at the inflection time, a molecular sieve 
adsorber bed packed with l/8 inch pellets has a longer inflection time than one 
packed with l/l6 inch pellets. 
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SECTION vn 

CONCLUSION 

A weighted leas.-squares analysis has been developed to determine from an 
experimental transmission versus time curve the values of the two theoretical para¬ 
meters of the Madey-Pflumm equation for the time-dependent transmission of a 
gas through an adsorbe r bed of length f and bulk density A and a gas-adsorber 
system characterized by an isothermal adsorption capacity and a dispersivity The 
analysis has been extended to determining the errors in the two theoretical para¬ 
meters by propagating the errors in the experimental values of the transmission 
through the normal equations of the least-square analysis. A digital computer 
program has been written in Fortran IV language with experimental transmission 
versus time data as input. The computer program prints out values for the two 
theoreücal parameters and their errors. The output of the computer program also 
compares the experimental and theoretical values of transmission versus time. 

The least-squares adsorption computer program has been used to analyze 
experimental data on the transmission of carbon dioxide (CCy in air through molecular 

sieve adsorber beds. Values of the theoretical parameters have been deduced from 
the Christensen (1962) data for one mole percent CO on l/8 inch pellets, and 
from the Fox (1966) data for 0. 64 mole percent C02 on both 1/16 inch and l/8 inch 

pellets for various flow velocities, bed dimensions, and air temperatures. At each 
air temperature, the results are consistent with the dispersivity increasing with 
the square of the superficial flow velocity over the range studied. A log-log plot 
of the transmission at the inflection time versus the inflection time correlates all 
the data analyzed for the various experimental conditions of air temperature, ad¬ 
sorbed bed dimensions, superficial flow velocity, and inlet concentration of carbon 
dioxide. For a given value of the transmission at the inflection time, a molecular 
sieve adsorber bed packed with l/8 inch pellets has a longer inflection time than one 
packed with 1/16 inch pellets. 
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TABLE I 

I MAN SP I S S I CK VtRbUS TIPt ÎN UMTS CF TIIE INFLECTIÛN TIKE 
tTR SEVERAL VALLES LF THE INFLECTILN FIVE PARAMETER P 

REELCFL TINE TRANSMIS,3 I Ci N 

I / T I R = 

. 10 

.20 

. 3U 

.40 

.50 

.60 

. 70 

. HO 

.00 
l.CC 
1. 10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 

l.CCl 

o.oooE-qo 
O.CCCE-OO 
O.OOOE-OO 
o.ccoe-so 
o.oooE-qo 
1.3060-69 
2.44HE-44 
1.H24E- 16 
1.OBOE-05 
4.H07E-01 
0.008E-01 
1 .CCCE-CC 
I.0001-00 
1 .OOOE-CO 
1.OOUE-OO 
1.Ü00E-00 
1.OOUE-OO 

l. C 05 

0.CC0E-90 
0.CCCE-09 
0.000E-O9 
1 . 186E-61 
3.080E-35 
9.411E-2C 
1.601E-10 
4.113E-05 
2.960E-02 
4.769E— Cl 
9.44 7E-01 
9.59CE-CI 
9.999E-01 
9.999E-C1 
1.000E-00 
l .CCOE-CO 
1 .OCOE-OO 

1.01C 

0.C00E-99 
0.CC0E-59 
1.343E-56 
3.41OE-32 
8.285E-19 
6.31HE-U 
3.563E-06 
2.326E-C3 
8.424E-02 
4.674E-C1 
8.621E-01 
9.846E-C1 
0.901E-CI 
9.5S9E-C 1 
9.990E-01 
9.S99E-C1 
l.COOE-CO 
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TABLE I 

tr/snsvíVsjcn verVü's I^e in units cf 
~hCR- S-tVt.R.Al- VALLES U F J h b I NE L ECU CK 

THE INFLECULN 
TIRE H A R A R f- T E R 

TIRE 
P 

R E CL CE C MU 

T/T I 

.10 
• 2u 
.30 
MO 
.50 
.ftC 
.70 
.60 

. 9C 
1 .CO 
1.10 
1.20 
1 . 30 
I MO 
1.50 
1.6 C: 
I.7C 
1.60 
1.90 
2.00 
3. CO 
4.00 
5.00 
6.00 

R= I .C50 

I .9560-59 
7. 105E--25 
1.00 1 F-13 
1.9fc6F-08 
I • 7650-05 
1.0620-03 
1.45 1E-U2 
7.652E-02 
2.2 0 Ö E - 0 l 
4.2 7 7E-01 
6.3 6 ¿ E - 0 1 
7.9760-01 
6.9^70-01 
9.5 50E-01 
9.Ü14E-01 
9.9260-01 
9.9740-01 
9.991E-01 
9.997E-01 
9.999E-0 1 
9.999E-01 
I . 0 0 0 t - C 0 
1.00CE-0 0 
1.0000-00 

TRANSRISS1CN 

1.100 

5 . 7 9 51 - n 

2.3 9 3 L - M 
2.6 750-08 
2.131(-05 
9.39 11-04 
9.7660-03 

4 M82L-02 
1.24 30-01 
2 M86E-01 
3. 7880-01 
5.4950-01 
6.6 l 6 L - 0 1 
7.8590-01 
6.6210-01 
9.1430-01 
9.483L-01 
9.6960-01 
9.6250-01 
9.9010-01 
9.94 5i_-0 1 
9.9 9 91 - C 1 
9.9990-01 
1 .OCOE-CO 
l . C (10 t - C 0 

1.150 

3.'¡5 8l-24 
7.506E - 1 1 
1•7690-L6 
2.26 6 0-04 
3.6 u o L-C 3 
2.0 (; 0 E - 0 2 

6.554L-02 
1.4510-01 
2.5 1()0-0 1 
T. 7 720-0 1 
5.0120-01 
( . 1 49r-01 
7.105(-01 
7.8850-01 
6 MO 70-0 1 
8.9 J 7 L - 0 1 
9.264( -C l 
9M97l-C 1 
9.661i-CI 
9. 7 7 10-0 1 
9.59/0-01 
9.5 990-( 1 
5.6590-01 
1 . 0 000-01' 
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TABLE I 

MûNSMSblLN VLi1xSUS T I ^ E IN UNITS CF THE INFLECTION TIME 
riR SEVcKAL VALUES HE THE IïmFLECTILN TII^E PARAMETER P 

RlLUClC I IRE TRAImSR I SS iln 

T/TI P^ 1.50C 2.0CO 3.0CC 

. in 

.?o 

. 30 

.AO 

.50 

.60 

.70 

.80 

.00 
l.CO 

I .10 
1.20 
1. 30 

1 . AO 
1.50 
1.60 

1.70 
1.80 
1.90 

2.00 
3.00 

A .00 
5. CO 

6.00 

7. CO 
8.00 
S.CO 
10.00 

le .CO 
IA.CO 
16.00 
18.00 

2 L . C 0 
30.00 

A C . C 0 

6.5 3 A E - 1 2 
5.9A7E-06 
5.826E-0A 
5.7058-03 

2.2 1 IE-02 
5. 3 8 0 L-0 2 
1.C02L-01 

1 . 5 ri 1 E - 0 1 
2.23LE-01 

2.91 3E-01 
3.595E-01 
A.256E-01 
A.8b0E-01 
5. A59E-01 

5.989L-01 
6. A6HE-G1 

6.ri99E-01 
7.283E-01 

7.62 3E-01 

7.92AE-01 
9.A03E-01 

9.872E-01 
9.968E-01 

9.99IE-01 

9.997E-01 
9.999E-01 
9.999E-01 
9.999E-01 
9.5S5E-01 

9.999E-01 
9.S99E-0 1 

1 .CCOE-OO 

1 .CCCÉ-CC 
1.0U0E-00 

l .CCCE-CC 

1.7ri9h-C9 

5.22CE-05 
1.6Ü6E-03 
9.738L-03 
2.8 0 7 E - 0 2 
5.689L-02 

9.A25L-02 
l. 37AE-01 

1.8AlE-0l 
2.323E-01 
2.8C5fc-01 

3.277E-01 
3.733E-C1 
A. 168E-CI 

A . 5G0L-O1 
A.967E-01 

5.330b-Cl 
5.668E-C1 
5.98AE-01 

6.276E-01 
8.2AAE-01 
9.150E-01 

9.577E-01 
9.785E-01 

9.889É-01 
9.9A1E-01 
9.968E-01 
9.983E-01 

9.995E-01 
9 • 998E-01 
9.999L-01 

9.999E-01 
9.999E-0 1 

9.999E-01 

l.CCOE-CC 

1 .E96E-08 
1. 188E-CA 
2.3 3AE-03 

1 .C62E-02 
2.675E-C2 
A.988E-C2 
7.82'E-02 

1. 1 COE-C l 
l . A 36E-C1 

I . 782E-C1 
2. 127E-C1 

2. A6 7E-01 
2.798E-01 

3. 1 IriE-Cl 
3.A26E-01 
3. 720E-01 

A.C01E-C1 
A. 269E-C1 
A.52Afc-Ci 

A.766L-CI 
6.607E-Cl 

7.72AE-G1 

8. A30E-C1 
8.893E-C1 

9.206E-01 
9. A22E-01 

9.5 7 5 E-01 
9.68AE-01 

9.821E-C1 
9.896E-01 

9.939E-CI 
9.963E-01 

9.978E-C1 
9.997E-01 
9.SS9E-C1 
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table i 

TKANSfMSSltN 
fcr StVlral 

RECICÊC Ti^t 

r/n 

. 10 

.20 

.30 

.40 

.50 

.60 

.70 

.80 

.90 
l .00 
1. 1C 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.CO 
3.00 
4. CO 
5. CO 
6. CO 
7. CO 
8. CO 
9.00" 

1C.CO 
12.00 
14.CO 
16.00 
18.CC 
20.00 
4C.CC 
6Ü.OO 
8C.C0 

100.CO 

VERSUS 
VALUES 

EIE't IN UMTS L’F THE INFLECTION 
EJE THE INFLECTION TIVF PARARLTFR 

T1FL 
P 

TRANSvj SSICN 

P= 5.COO 

4.213E-08 
1.4266-04 
2.2970-03 
9.493E-03 
2.262E-02 
4.078E-02 
6.254E-C2 
8.66ÜE-02 
I•119E-C1 
1 . 3 7 6 E - 0 l 
1 • 6 3 6 E - 0 1 
1.892F-01 
2. 142E-01 
2.364E-01 
2.619E-01 
2.845E-01 
3.062E-01 
3.271E-01 
3.472E-01 
3.6 6 4 L - 0 1 
5.20 3E-01 
6.246E-01 
6.986E-Û1 
7.5346-01 
T.952E-01 
8.279E-01 
8.540E-01 
8.751E-01 
9.069E-01 
9.291C-01 
9.452E-01 
9.571E-01 
9.661E-01 
9.955E-0I 
9.992E-01 
9.998E-C1 
9.999E-01 

10.CO 

4.996E-08 
1.3390-04 
1.9980-03 
7.9690-03 
1.8605-02 
3.3C90-02 
5.0 32 E-C2 
8.9270-02 
8.917E-C2 
1.0940-01 
1.297C-01 
1.498E-01 
1.6990-01 
1.8850-01 
2.C710-C1 
2.2500-0 1 
2.4230-C1 
2.5890 — 01 
2.749E-C1 
2.9030-01 
4.1620-C1 
5.0510-C1 
5.7 1 1 c - 01 
6.2230-01 
6.6310-01 
6.9660-01 
7.2450-01 
7.4630-01 
7.8650-01 
8.1590-0 1 
8 . 3930-0 1 
8.583C-CI 
8.74l0-01 

9.502E-01 
9.7540-01 
9.866C-C1 

9.9220-01 

20.00 

4.8 28 0-(:8 
1.224E-C4 
1.793E-C3 
7.0870-03 
1.6465-02 
2.919L-C2 
4.43CE-C2 
6.0090-02 
7.0315-0? 
9.6070-0? 
1. l 360-C 1 
1.3130-C1 
1.4060-01 
1.65 iË-Cl 
1. E 15E-C1 
1.9 7?E-C1 
2. 1240-C 1 
2.2700-C1 
2.4110-01 

. 2.546E-C1 
3.6590-01 
4.4520-01 
5.0480-01 
5.5140-01 
5.891E-C1 
6.2G3F-C1 
6.4670-01 
6.6930-01 
7.0640-01 
7.3560-01 
7.5930-01 
7.7915-0 1 
7.9580-01 
8.8645-01 
9. ? 3()0-0 1 
9.4 4 (’ 0 - 0 1 
9.5 74 0-0 1 
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TABLE I 

I -•¿K’s'' ! V. ! I \ VtriSUS lù UMTS Ch T H f I \ F L H C T I uN TIF 
F i ^ StVFKáL V¿LltS 1. F TFL I N F L F C T I t \ Tl^t F^SAVFTE^ F 

rí E l. L C F i; I 1 F L TRAuSM SSlUs 

1 / T I F = S C . t C 1CC.C 1 LOG. 

. 1 0 

.¿r 

. io 

.Ati 

. so 

.60 

. 70 

.HC 

.‘VO 
1 . Ct 

1 . 1 d 
1.2(. 
1 . 30 
1 .At 
1.51; 
1.60 
1 . 70 
1.80 
1.00 
2 . C C 
3.0 0 

M . 0 C 
5 . CO 
t .CO 
/.Co 
ö .CO 
s.co 

10. CO 
1 2 . C 0 
1 A . C 0 
1c .CO 
1 8.CO 

2 C . C C 
AC .CO 
6C .CO 
d C . C (' 

l C C . 0 0 

A . 5 5 ‘11 - 0 d 
1.13 /F-OA 
1.6 8 8 E - G 3 
6.53^8-03 
1.816L-02 
2.687E-Û2 
A.0 78E-C2 
8.6ÜCE-02 
7.?OOt-('2 
а. fi31E-C2 
1.0 A 6. t - 0 l 
l . 2C /E-C 1 
1.368E-01 
1.8 ISt-0 1 
1.6688-01 
1.8 12E-C1 
1.4826-01 
¿.0868-0 1 
2.2156-01 
2.3ACF-C 1 
3.3656-01 
A.OSet-Cl 
A.6A9E-01 
8.0138-Cl 
5. A3A8-01 
5 . 725E-C 1 
5.0738-01 
б. lb6E-Cl 
6.5368-01 
6. tilA6“0l 
7.OAlt-O l 
7.231E-Ol 
7.30 3 8-Cf 
8.2bbc-01 
8.6bbL-0l 
3.02 7E-01 
9.0308-01 

A.AA5c-0b 
l.IC68-0A 
1.6 1 2 L - C 3 
6.3 5 A L-C 3 
1 .A 73.-02 
2.611E-C2 
3.0 5 0 c - 0 2 
5.A30E-C2 
6.993r-C2 
8.5776-02 
1.016E-01 
1 . 1 726-Cl 
1 . 3266-(^1 
1.A75E-C1 
1.6201-01 
1. 7 6 C 8 - C 1 
1.895t-01 
2. G26L-C 1 
2.1528-01 
2.2 7J t - 0 1 
3.268(:-01 
3.981L-01 
A.51 78-01 
A. 0386-0 1 
5.2806-01 
5.56AC-C1 
5.8056-C1 
6.0136-01 
6.35A6-01 
6.625c-01 
6.8A76-01 
7.033C-01 
7. 192C-01 
8.0 7 1 c - 01 
8 . A688-01 
8.7C7c-01 
8.87CL-C1 

A . 3 3 18 - 0 8 
l.0 /8 8 -C A 
1.5 70c-C i 
^-.1888-0 3 
1 . A 3AE-C2 
2.5A 2 6-C 2 
3.85AE-C? 
5.296E-C2 
6.8006-0? 
3.351E-C2 
O.HOAE-C? 
1.1AIE-C 1 
1.2018-01 
1.A306-C1 
1.5 7 76-C1 
1. 7UE-CI 
l . 8 A j 8 - C l 
1.0 728-Cl 
2. C05 8-0 1 
2.213E-C1 
3. 1 b?E-C 1 
3.8 766-C 1 
A.3086-01 
A. 8006-C 1 
5. 1A26-C l 
5. A IS6-C 1 
5.6538-01 
5.856E-C l 
6 . 1808-0 l 
6. A51E-C1 
6.6696-0 l 
6.6518-01 
7.0 06 8- 0 1 
7.8686-01 
8.2558-01 
8. A806-01 
8.6508-01 



TABLE II 

CORRESPONDING VALUES OF THE INFI FOTíom TTutr r,*™ 
TRANSMISSION AT THE INFLECTION Tmr PARAMETER, THE 

TRANSM.SS.ON AT THE INFLECTION Zl “ ™E SLOPE °F T',E 
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TABLE VH 

TRANSMISSION OF ONE MOLE PERCENT OF CARBON DIOXIDE IN AIR AT A MASS 
FLOW RATE OF 0.308 POUNDS PER MINUTE THROUGH 3.55 INCH DIAMETER 
ADSORBER BEDS, 18 INCHES LONG, PACKED WITH 1850 GRAMS OF 1/8 INCH 

TYPE 5A MOLECULAR SIEVE PELLETS VERSUS TIME WITH THE AIR 
TEMPERATURE AS A PARAMETER 

Transmission, T Time, t (minutes) 

Air n mperature, 0 (°R) 
450 530 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0. 8 

0.9 

113.2 33.3 

117.2 40.7 

124.0 50.0 

128.0 57.3 

134.0 64.3 

138.8 72.7 

144.8 82.7 

157.2 97.7 

166.7 126.7 
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TABLE XX 

COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUES OF THE 
TRANSMISSION OF 0. 64 MOLE PERCENT OF CARBION DIOXIDE IN DRY 
AIR AT A PRESSURE OF ONE ATMOSPHERE AND A TEMPERATURE OF 
75° F THROUGH 2.3 INCH DIAMETER ADSORBED BEDS, 6 INCHES LONG, 
PACKED WITH l/8 INCH TYPE 5A MOLECULAR SIEVE PELLETS WITH 
THE SUPERFICIAL FLOW VELOCITY AS A PARAMETER 

Time 
(Min) 

Run 5A 
u = 31.3 cm/sec 

Run 6A 
u = 45.6 cm/sec 

Transmission 
Experimental Theoretical 

Transmission 
Experimental Theoretical 

2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
• 

• 

• 

54 

. 13 • 036 

. 23 • 173 

.33 . 302 

.42 . 405 

.47 .487 

. 53 •552 

.57 . 605 

.60 . 649 

.64 . 686 

. 67 .717 

. 70 . 744 

.74 . 767 

.77 . 788 

. 80 . 806 

.83 . 821 

.85 . 836 

. 87 . 848 

.88 . 860 

.90 . 870 

.92 . 879 

.93 . 887 

. 95 . 895 

1.00 . 925 

. 22 .134 

. 38 .338 

. 48 .474 

. 53 .568 

.60 .636 

. 64 .688 

.69 .729 

.72 . 762 

.75 .789 

.78 .812 

. 81 . 831 

.83 . 847 

.86 . 861 

.88 . 874 

. 90 . 885 

. 92 . 894 

. 94 . 903 

.96 .910 

. 98 .917 

. 99 . 923 
1.00 .929 

Ô1 



TABLE XXI 

COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUES OF THE 
TRANSMISSION OF 0.64 MOLE PERCENT OF CARBION DIOXIDE IN DRY 
AIR AT A PRESSURE OF ONE ATMOSPHERE AND A TEMPERATURE OF 
75# F THROUGH 2.3 INCH DIAMETER ADSORBED BEDS, 3 INCHES LONG, 
PACKED WITH l/8 INCH TYPE 5 A MOLECULAR SIEVE PELLETS WITH 
THE SUPERFICIAL FLOW VELOCITY AS A PARAMETER 

Time 
(Min) 

Run 10AA 
u = 51.2 cm/sec 

Run 11AA 
u = 31.3 cm/sec 

Transmission 
Experimental Theoretical 

Transmission 
Experimental Theoretical 

2 
4 
3 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
35 
36 
38 
40 
42 

• 55 .526 
. 67 .675 
. 74 . 746 
.78 . 790 
.81 . 819 
. 83 . 841 
. 84 . 858 
.85 . 872 
.87 . 883 
.88 . 893 
.90 .901 
.91 . 908 
.92 .914 
.93 . 919 
.94 . 924 

1.00 . 934 

.28 .245 

.47 .457 

. 56 .578 

.64 .656 

. 69 .711 

. 73 .753 

.77 .785 

. 80 .810 

.82 . 831 

.85 . 849 

.87 . 864 

.88 . 876 

.89 . 887 

.90 . 897 

.91 .90S 

.92 . 913 

.93 . 919 

.94 . 925 

1.00 . 934 
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TABLE XXH 

CONVERSION OF THE MASS FLOW RATE TO THE VOLUMETRIC FLOW RATE 
AND TO THE SUPERFICIAL VELOCITY OF DRY AIR AT A TEMPERATURE OF 

75*F FOR THE FOX (1966) DATA 

Run Mass 
Flow Rate 

Q 
(Ibs/hr) 

SA 7.92 

6A 11.52 

10AA 12.95 

11AA 7.92 

19F 1.77 

23 F 1.33 

29F 2.34 

39F 1.09 

IF 1.56 

9F 1.33 

Volumetric 
Flow Rate 

q 
(cc/sec) (cu.ft/min) 

838.7 1.777 

1220 2.585 

1371 2.906 

838.7 1.777 

187.4 .3972 

140.8 .2985 

247.8 .5251 

115.4 .2446 

165.2 .3501 

140. 8 .2985 

Superficial 
Flow Velocity 

u 
(cm/sec) (ft/min) 

31.3 61.7 

45.6 89.8 

51.2 101 

31.3 61.7 

51.8 102 

38.9 76.5 

68.5 135 

31.9 62.7 

45.6 89.8 

38.9 76.5 

(i) The density of dry air (A = 28.966) at 75’F (= 296.7TC) is p(0= 75*F) = 1.190 
1.190 X 10"8 gm/cc; therefore, q (cc/sec) = 105.9 Q (lbs/hr) and q (cu. ft/min) 
= 0.2244 Q (Ib/hr) 

(ii) The cross-sectional area of the adsorber bed A = 0.0288 ft* (= 26.76 cm2) for 
runs 5A, 6A, 10AA and 11AA; and A = 0.0039 ft2 (= 3.62 cm2) for runs 19F, 
23F, 29F, 39F, IF and 9F 
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TABLE XXVm 

CORRESPONDING VALUES OF THE INFLECTION TIME, THE TRANSMISSION 
AT THE INFLECTION TIME, AND THE INFLECTION TIME PARAMETER 
DEDUCED FROM THE CHRISTENSEN AND THE FOX DATA FOR THE TRANS¬ 
MISSION OF CARBON DIOXIDE THROUGH MOLECULAR SIEVE ADSORBER BEDS. 

Run 
Identification 

C14 
CIS 
C12 
C 7 
C 6 
CIO 
C 5 
C 9 
Cll 
C 4 
C 2 
C16 
C 8 
C 3 
C 1 
CIS 

Inflection Time 
tj (min. )— 

2.25 + 37 
3.25 + .47 
7.65 ± .65 
8.63 + .65 

13.03 + .80 
15.67 + .83 
20.07 + .98 
23.45 + 1.48 
25.17 ± 1.13 
35.67 + 1.30 
45.17 + 1.30 
48.35 + 1.85 
73.00 + 1.20 
98.45 + 1.22 

112.2 + 1.68 
130.9 + 17.0 

Transmission at 
Inflection Time 

Ti_ 

. 1203 + . 0396 

. 1305 + . 0410 
. 1697 + .0343 
. 1848 + .0326 
.2213 + .0293 
. 2346 + . 0337 
.2610 + .0272 
.2208 + .0326 
. 2557 + . 0282 
.2932 + .0243 
. 3245 + .0203 
. 2896 + .0258 
.3874 + .0142 
.4089 + .0134 
.3921 ± .0134 
. 4362 + .0088 

Inflection Time 
Parameter 

_B- 

7.19 + .32 
5./2 + . 25 
3.27 + .11 
2.82 + . 08 
2.14 + . 05 
1.97 + .05 
1.72 + . 03 
2.15 + • 05 
1.76 + . 03 
1.49 + .02 
1.33 + .01 
1.51 + .02 
1.125 "+ . 004 
1.081 + .003 
1.114 + .004 
1.039 + .001 

Fox 29F 
19F 
23F 
IF 
9F 

. 978+ . 096 
5.55+ .32 
9.17 + . 27 

11.3 + .3 
14. 0 + . 3 

.1507 + .0425 

.2583 + .0259 

.2925 + .0204 

.3032 + .0193 

.3333 + . 0161 

4.11 + . 18 
1.74 + . 03 
1.49 + .02 
1.43 + . 01 
1. 293 + . 008 

Fox 10AA 
11AA 

6A 
5A 

. 333+ . 100 
1.16+ .12 
1.87 + .14 
3.41 +f . 23 

0913 + .0642 
1090 ± . 0316 
1191 + . 0273 
1307 + .0263 

31.5 + 2.5 
10. 2 + 0. 4 
7.43 + 0.23 
5.69 + 0.16 
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TABLE XXIX 

CORRESPONDING VALUES OF THE INFLECTION TIME, THE DIMENSIONLESS 
DISPERSION NUMBER, AND THE PROPAGATION TIME DEDUCED FROM THE 
CHRISTENSEN AND THE FOX DATA FOR THE TRANSMISSION OF CARBON 

DIOXIDE THROUGH MOLECULAR SIEVE ADSORBED BEDS 

Run 
Identification 

Inflection Time 
tj (sec) 

Dispersion Number 
Dui_ 

Propagation Time 
_SjseÇi_ 

C14 
CIS 
C12 
C 7 
C 6 
CIO 
C 5 
C 9 
Cll 
C 4 
C 2 
C 8 
C 3 
C 1 
CIS 

135 + 22 
195 + 28 
459 ± 39 
518 + 39 
783 + 48 
940 ± 50 

1204 + 59 
1407 + 89 
1510 + 68 
2140 + 78 
2710 + 78 
4380 + 72 
5907 + 73 
6732 ± 101 
7854 + 719 

1.175 + . 327 
.9248 + .2626 

.. 4935 + . 1148 
.4115 ± . 0911 
.2790 + .0573 
.2445 + .0587 
. 1887 + . 0384 
.2804 + .0640 
.1989 ± .0415 
.1362 + .0269 
. 0963 + . 0176 
. 394 + . 0071 
.0259 + .0053 
.0361 + . 0064 
.0127 + . 0024 

973 + 149 
1116 + 150 
1500 + 119 
1463 ± 102 
1675 + 96 
1856 + 89 
2065 + 96 
3022 + 175 
2660 + 109 
3187 + 109 
3604 + 99 
4928 + 80 
6303 + 77 
7502 + 110 
8160 + 74 

Fax 

29F 
19F 
23F 
IF 
9F 

587 + 58 
333 + 13 
550 + 16 
679 + 18 
838 + 18 

. 644 + . 186 

.1938 + .0372 

.1372 + .0226 

. 1224 + . 0197 

. 3333 + . 0161 

241 + 21 
578 + 21 
822 + 22 
972 + 24 

1083 + 23 

Fox 

10AA 
11AA 

6A 
5A 

19.9 + 6.0 
69.7 + 7.5 

112.3 + 8.7 
204.5 + 13.7 

5.237 ± 2.536 
1.682 ± . 381 
1.215 + . 233 

. 9195 + .1671 

627 + 181 
710 + 71 
834 ± 59 

1164 + 71 
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APPENDIX 

GRAPHS OF THE TIME-DEPENDENT TRANSMISSION OF CARBON DIOXIDE IN 
AIR THROUGH MOLECULAR SIEVE ADSORBER BEDS 

Figure Christensen Run Number 
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