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SUMMARY 

The theory of sample zone dispersion is well known for most cases of practical interest 
in flow injection analysis. This paper offers a theoretical analysis which allows for the 
optimal design of single-line flow systems. For various reactor types, a detailed analysis is 
provided in terms of physical constants, design parameters and constraints. 

It is shown that, within practical constraints and using a pressure drop of less than 1 
bar, it is possible to operate flow systems at 100 samples per hour, with a residence time 
of 100 s and a reagent consumption of 8 rl for each determination. Further miniaturiza- 
tion of flow systems must rely on smaller detector volumes than those currently available, 
a situation not unlike that in liquid chromatography. 

This paper is concerned with the performance of systems for flow injec- 
tion analysis (f.i.a.). Three types of parameters of the flow system can be 
distinguished: physical constants which are characteristic of dilute aqueous 
solutions, like the molecular diffusion coefficient D, and the viscosity; 
design parameters like the helix diameter in a coiled reactor or the bed dia- 
meter in a packed-bed reactor; and performance-limiting parameters (con- 
straints) such as the maximum pressure drop over the reactor, the smallest 
acceptable tube diameter or the smallest detector volume that is allowed 
for. Equations for the optimal design of flow injection systems are presented, 
which show clearly when a constraint parameter actually limits the perform- 
ance. The values of the constraint parameters are obtained from f .i.a. practice. 

Although R&iEka and Hansen [l] have pointed out correctly the dif- 
ferences between f.i.a. and high-performance liquid chromatography 
(h.p.l.c.), the present treatment is based on optimization studies in h.p.1.c. 
by Knox et al. [ 2,3] and Guiochon [ 41. Throughout this work, it is assumed 
that the elution (response) curve of the flow reactor (column) is Gaussian. It 
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was shown earlier [ 51 that the flow conditions must be chosen in such a way 
that the number of tanks to which the reactor is equivalent is greater than 
50 (Pe,. > 100) in order to satisfy this condition. 

The following chromatographic definitions are used. The plate height H is 
defined as: 

H= L (a,/mJ2 (1) 

In this definition L is the length of the reactor, and m, is the mean and u,” the 
variance of the response curve. For small sample volumes, the mean virtually 
equals the residence time t,. The plate number N (which in f.i.a. is known as 
the number of tanks) is given by 

N = L/H = (rn,/~,)~ (2) 

In chromatography the plate number is related to the chromatographic 
resolution, whereas in f.i.a. the number of tanks is related to the maximum 
sampling frequency: 

f m.x = WJ, orN = (f,,~,lW2 (3) 

(For convenience, all symbols are defined in Table 1.) When f,,, is expres- 
sed in (h)-’ and a pessimistic value for the base!-width of the peak of 6 ut is 
taken, the numerical value of kl is 600. Most authors [l] take le 1 equal to 
900 corresponding to a base-width of 4 uV For a given reactor, the plate 
number is determined by the dispersion, when the injection volume is suf- 
ficiently small. The relevant equations for the flow conditions and the 
dispersion are summarized in Table 2. When a characteristic length d is 
introduced, these equations are generally valid for any reactor type. In open 
tubes, this length is equal to the tube diameter d,; in packed reactors it is 
equal to the particle diameter d,. 

TABLE 1 

List of symbols 

A Free cross-sectional area of packed reactor N Plate number 

AC Constant in plate height equation of corled tube AP Pressure drop over the reactor 
C Constant in plate height equation of straight tube 

% 
P&let number 

d Characteristic length Reynolds number 

dh Helix diameter (coiled tube) SC Schmidt number 

dP Particle diameter tu) Lmear velocity of flurd 

dt Tube diameter ” Reduced velocity 

Dm Molecular diffusion coefficient (Y Ratro of sample volume and reactor volume 
Dt2 Dean number E Vord fraction of packed reactor 
f,, Mammal sampling frequency 0 Dynamic viscosity 

f ” Volumetric flow rate Peak width reduction coefficient 
h Reduced plate height It Aspect ratio of coiled tube (dh/dt) 
H Plate height V Kinematic viscosity 

h, Proportionality factor in sampling tkequency P Ratio of tube diameter and particle diameter 
L Reactor length a’ 

CJ 
Variance of response curve (in time units) 

mt Mean of response curve (in time units) 
dV 

Variance of response curve (involume units) 
n Number of tanks Column resistance factor 
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TABLE 2 

General flow equations 

tI.0 = d’AP/dr,L 

4 = L/W) = N’h= $I qlAi= 

x 

I tv) d/D, 

= f(v) 
(cl 
(d) 

L = Nhd 

dl = Nhu#sD,lAP 
a$ = LANlla w 

For dilute aqueous solutions, II = 10” N s rn- and D, = lo* ml s-l. 

The first equation in Table 2, Eqn. (a), relates the mean fluid velocity 
(u) and the pressure drop over the reactor AP. The column resistance factor 
$J depends on the type of reactor. The dynamic viscosity, 7, for dilute 
aqueous solutions has the numerical value 10s3 (N s m”). The residence time 
(in h.p.1.c. the elution time for a component without retention) is given by 
Eqn. (b). It is convenient to use dimensionless quantities for the mean fluid 
velocity and for the plate height. The reduced velocity is defined in Eqn. (c) 
and can also be written as u = Re SC. For dilute aqueous solutions, the 
kinematic viscosity, IJ, is 10” (m’ s-l) and themoleculardiffusion coefficient 
can be taken as low9 (m2 s-l). Therefore the Schmidt number, SC, equals 
1000. The Reynolds number, Re, is based on the appropriate characteristic 
length: Re = (u)d/v. The reduced plate height h is defined as h = H/d. The 
reduced plate height is a function of the reduced velocity and the geometry 
of the reactor, whereas in chromatography often other contributions (e.g., 
mass transport between mobile and stationary phase) are also encountered. 
As there is no retention of the solute in f.i.a., the plate-height equations are 
simpler than those in h.p.1.c. The reactor length L is given by Eqn. (e). The 
correct value for the characteristic length d is given by Eqn. (f). In order to 
avoid additional peak broadening in the detector [6], the detector volume 
should not exceed one half of the volume variance of the peak cc. This 
parameter, which is not in common use in f.i.a., is defined as 

u; = WAot = fvot (4) 

where A is the free cross-area of the reactor and f, is the volumetric flow 
rate (in m3 s-l). It should be noted that the parameter 4 u$ can be taken as 
an (optimistic) quantitative measure of reagent consumption per analysis. 
For open tubes and single bead string reactors (SBSR) [6], the free cross- 
area is entirely determined by d. For packed reactors with more particles per 
tube diameter, A can be adjusted by variation of the tube diameter. The 
equations in Table 2 are completely general, but not yet in a form suitable 
for calculations. Therefore more detailed relationships for different reactor 
types are presented in later tables. 

OPTIMIZATION IN FLOW INJECTION ANALYSIS 

The main goal of h.p.1.c. optimization studies is to minimize the separa- 
tion time with a given plate number. In f.i.a. the plate number plays no role 
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on its own, because separation is not intended. The flow reactor has two 
functions: mixing of sample and reagent and providing a delay time for 
conversion of the analyte. From Eqn. (3), it can be seen that the sampling 
frequency is inversely proportional to the residence time: f,, = k1tV?N”2. 
Therefore, in the case of chemical conversions, the optimization objective 
can be formulated as making N maximal, which is equivalent to making ut 
minimal, both at a fixed residence time, the value of which is dictated by 
the level of conversion which is aimed at. In the present treatment, the 
residence time is considered as a design parameter, the value of which is 
determined by the chemistry, temperature and concentration levels both of 
the analyte and the reagent solutions. 

Inspection of plate-height equations reveals that in theory it is possible 
to obtain any plate number for instance by a decrease in characteristic length 
d. It is obvious that this approach leads to values of other experimental 
parameters, such as pressure drop and tube diameter, which are inacceptable 
from a practical, financial, measuring or other point of view. In the optimi- 
zation procedure, one, more or all of these parameters may limit the per- 
formance of the flow system. It is emphasized here that the objective of 
maximizing the sampling frequency is not the only objective that can be 
optimized in a f.i.a. system. For instance, the object may be to minimize the 
reagent consumption per analysis or to minimize errors in the determination. 
In such cases, the sampling frequency can be treated as a constraint para- 
meter which may not fall below a certain minimum value. 

The intuitive approach to the objective of maximizing the sampling 
frequency is overall miniaturization of the system. Then at least two con- 
straints are encountered: the pressure drop increases and the volume variance 
of the peak decreases, leading to impossibly small detector volumes. Intui- 
tion predicts that the optimal performance is expected at the highest available 
pressure drop and the lowest detector volume. In the following sections a 
detailed analysis is presented for different reactor types. 

Straight open tubes 
The relevant equations for straight open tubes are summarized in Table 3. 

The column resistance factor is 32 in this case. The plate-height equation is 
the familiar A&-Taylor equation, which is valid [ 51 for N > 30 or when 
t$lm/d2 > 0.07. An attractive feature of Eqn. (i) seems to be the occurrence 
of a minimum for h. However this minimum h = 1/121j2 at u = (192)‘j2 is 

TABLE 3 

Equations for straight open tubes 

@ = 32 (h) 
h = 2/u + Cv (in f.i.a, C = l/96) 
h = Cu (large v) 

z; 

d’ = Nh’@qD /CAP 

40; = u d3 h N’E 
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not of practical interest. In practical f.i.a. applications, high reduced veloci- 
ties are used. In that case, the plate-height equation can be simplified. The 
correct tube diameter in this case is given by Eqn. (k). For an open tube, 
A = nd2/4 and the volume variance u$ is given by Eqn. (1). In further deri- 
vations, the parameter (4 u”,) will be used as a quantitative measure for 
the reagent consumption per analysis. 

Following the analysis by Knox and Gilbert [3], equations for d, h, 1 
and N can be derived which give each of these quantities as a function of the 
physical constants, the constraint parameters and (optionally) the design 
parameters. When h is eliminated between Eqns. (k) and (1) the tube 
diameter is obtained: 

d = (I#J~) D, /n2 APC)“8 (4 u$)“~ (5) 

From this equation the corresponding value for the reduced plate height is: 

h = (C3A.p/~2@#.,)1’4 (,V)-1’2(40;)1”2 (6) 

From Eqn. (b), iV is given by 

N= (a%, 3AP/C3$~)1’4(t,) (4 u;)+‘~ 

The reactor length is found from Eqn. (e): 

L = (D,AP3/n2C@3$)1’8 (t,)“’ (4 u;)~‘~ 

(7) 

(8) 

The maximum sampling frequency is found from Eqns. (3) and (7): 

f max = kl (tv)-“2 (~2D,AP/C3~n)1’8 (4 u;)+‘~ (9) 

From these design equations, important conclusions can be drawn. First, 
a high sampling frequency is favored by a small detector volume and also by 
high pressure drops. This supports the arguments for miniaturization, but the 
detector volume will soon be the constraint. For example, at a pressure drop 
of 1 bar the tube diameter is 145 pm for a detector volume of 1~1, and it is 
82 pm for a detector volume of 0.1~1. The sampling frequency for the latter 
case is twice the sampling frequency for the larger detector. Secondly, short 
residence times aRow for high sampling frequencies. A constraint is the 
requirement N > 30. Thirdly, as can be seen from Eqn. (9), high pressure 
drops are advantageous, although the sampling frequency is rather weakly 
dependent on the pressure drop. In f.i.a., the pressure drop should not exceed 
1 bar (105N mw2). However, in chromatography when the detector volume 
and the plate number are fixed, the only way to decrease analysis time is 
to increase the pressure drop as can be seen from Eqn. (9). Note that in this 
case a constraint can also be posed by the tube diameter (Eqn. 5). 

Coiled tubes 
In helically coiled tubes, both the pressure drop and the dispersion are in- 

fluenced by the secondary flow phenomenon (Tijssen [ 71). Equations for 
coiled tubes are given in Table 4. The Reynolds number is replaced by the 
Dean number&z (= Rely, II2 * X is the ratio of the helix diameter and the tube , 
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TABLE 4 

Equations for coiled tubes 

@ = 32 [l + f(Dn)] 
h = CUK(U) (large v) 

= . 
; = 

5 6 ‘&I,3 hi/S “-*!3 
(large v) 

A d+:,ulb 

5C6d 11aSc”3C 
Iii 

A, = 
d = ih&D&PA; 

diameter). For values of Dn > 100, the pressure drop is not different from 
its value in a straight tube at the same flow velocity (f(Dn) + 0 in Eqn. m). 
The effect of the secondary flow on the reduced plate height can be des- 
cribed by a peak-width reduction coefficient K (Eqn. 0). An empirical cor- 
relation for K as a function of Dn SC “* has been presented by Van den Berg 
et al. [8]. In the region 12.5 <Dn SC’~* <200, K is given by K = 5.6 (Dn 
SC’ 12 )-Q 6 7. 

For lower values of the velocity, no secondary flow phenomena are ob- 
served in the dispersion. For values of Dn SC?‘* above 200, no reliable cor- 
relations for the dispersion are available as yet. Tijssen’s correlations are 
probably too optimistic. Therefore, in this treatment, it will be assumed that 
only coils in the region described by the correlation of Van den Berg et al. 
[ 81 are taken into consideration. The results for lower velocities are presented 
above in the section on straight tubes. 

A general strategy for the optimization of the coiled tubes is suggested by 
Eqn. (n). When C is replaced by C K(U) in Eqns. (5-g), then a trial-and-error 
procedure enables the design equations to be solved. By a little rearrange- 
ment, Eqns. (o-r) are the starting point for the design equations. In this 
treatment, the helix diameter dh is considered to have a given value (e.g., 
5 mm). Proceeding in an entirely analogous way as in the previous section, 
the following equations for d, h, N, L and fmax are obtained: 

d = ($*Q*D, /?r6A,3Ap2)1’19(t,)-1’19 (4 u’$)~‘~~ (10) 

h = (A3,6AP5/& ‘TT~D~)“~‘( tv)-7’38 (4 u;),” (11) 

N = (,206,AP7/A~$7~7)1’19(&)13’19 (4 u;)-%‘~ (12) 
L = (~~~plS/~~~lS~lS~12)1138(~~)17/38 (4 ,$)6/19 (13) 

f max = k1(t,)-2s’38(A~~7@7/n2D~AP7)-“38 (4 u$)-“” (14) 

When Eqns. (10-14) are compared with their counterparts for straight tubes, 
it is seen that the optimal tube diameter is now a function of the residence 
time t,. In practice, when only a limited number of tube diameters is avail- 
able, the use of a non-optimal tube diameter will lead to a slightly increased 
reagent consumption or loss of maximum sampling frequency. 
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Packed reac tom 
To a first approximation, the general flow equation (a) (Table 2) for the 

pressure drop remains valid in the case of packed reactors. Values for the 
column resistance factor $ are given by Knox and Gilbert [3] as C#J = 500, by 
Guiochon [ 41 as 4 = 500-1000 and by Van den Berg et al. [ 81 as $ = 800. 
In this section the value $I = 1000 will be used. The product of constants n 
and C#J then has the numerical value 1. The equations for packed reactors are 
summarized in Table 5. A packed reactor can be operated at the minimum of 
the h-u curve, because the volume variance of the peak can be adjusted by 
adjustment of the reactor diameter d, (Eqn. w). The parameter c is the void 
fraction of the packed reactor, which has the value 0.4 for a properly packed 
reactor. The minimum of the h-v curve is found as h = 2 at u = 4 (Knox and 
Gilbert [3] ). The design equations now simplify considerably, although it 
should be kept in mind that a constraint parameter in the particle diameter 
d, has been introduced deliberately here. This parameter can no longer be 
chosen freely, because it was decided to work at the minimum in the h-u 
curve. 

The general time equation (b) is simplified to Eqn. (u), yielding the plate 
number N as N = (tpP/4) lj2. The corresponding sampling frequency is 
given by 

f max = kl(tV)-3’4 (AP/4)“4 

The correct particle diameter is given by (Eqn. v) 

d = (16 t,/Aq1’4 (D, )I’? 

(15) 

(16) 

The reactor length and the reagent consumption (from Eqn. w) are then 

L = (16 t; APD;)1’4 (17) 

(40;)= (ne da> (20, tJ1” (18) 

Two conclusions can be drawn from these design equations. First, when 
the pressure drop is made as high as possible in order to maximize the 
sampling frequency, the particle diameter will be a constraint, as shown by 
the fact that at 1 bar the particle diameters range from 3.5 to 20 I.crn when 
the residence time varies from 1 to 1000 s. Secondly, the reagent consump- 
tion equation (18) leaves two alternatives: either the reagent consumption 
may be kept constant for different residence times (case D’) so that the bed 
diameter must be optimized; or (case D) it can be decided to fix the bed 

TABLE 5 

Equations for packed reactors 

@ = 1000;~rl=1 
h = 2 (at the optimum;u = 4) 

= 
$ = 

4 w/AP 

8 NDJAP it,’ 
49 = rred;2dN”= (w) 
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diameter d,, so that the reagent consumption is a function of the residence 
time. 

Single bead string reactor 
For the SBSR, the pressure drop relation (a) remains approximately valid, 

as experiments indicated. The column resistance factor was evaluated as 
approximately 500. Therefore, $1) is taken as 0.5 here. No rigorous plate- 
height equation for the SBSR is known yet. For the particular reactor des- 
cribed by Reijn et al. [5] the plate height h was found to be = 10 for veloci- 
ties from 3000 to 30 000. Later experiments confirmed this result for the 
same reactor geometry (dp = 0.6 mm; d, = 0.75 mm). This time h = 8 was 
found; the latter value of h will be taken here for the further deduction. 

The equations for the SBSR are summarized in Table 6. In a similar way 
as before, design equations are obtained for the plate number and sampling 
frequency : 

N = (AP tJ32)“’ (19) 

f max = k, (Q-3/4 (AP/32)1’4 (20) 
In contrast to the preceding case of the packed reactor operated at the opti- 
mum flow conditions, no constraints on the characteristic length d are 
imposed by the flow conditions for a SBSR, because the flow velocity can 
be varied over a wide range (Eqn. z). 

However, the reagent consumption contains the characteristic length as a 
parameter. When the free cross-area for a SBSR is calculated as (nep*d*) 
and the term (rep*) is given the numerical value 2, then 

40; = 16 d3N1’* = 16 d3 (AP tv/32)lt4 (21) 

The role of the particle diameter in the SBSR can be compared with the 
role of the column diameter of the packed reactor. 

From these design equations, the following conclusions can be drawn. 
First, the reactor should be operated at the highest possible pressure drop 
to obtain the maximal sampling frequency. Secondly, if operation with the 
reagent consumption as a constraint is desired (at the lowest acceptable 
value allowed by the detector volume), the particle diameter becomes a func- 
tion of the residence time. This also influences the length of the reactor as 
L = 8 N d. Finally, the reactor can be operated with a constant characteristic 
length, but the reagent consumption then becomes a function of the 
residence time. 

TABLE 6 

Equations for the SBSR 

@ = 500;+ ?I = l/2 
= 

2 = 
32 Na /AP 
4 N v DJAP 
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DISCUSSION 

The design equations presented above allow a comparison of the per- 
formance between the four reactor types considered. Some graphical illus- 
trations are now given for the sake of clarity. As pointed out above, the 
performance of all reactor types with respect to sampling frequency is op- 
timal at the highest pressure drop. This parameter is fixed at 1 bar. Figure 1 
presents the results for open tubes (A straight, B coiled reactor) where an 
additional constraint is formed by the detector volume. This was chosen as 
1~1 (405 is then 8 ~1); yet another constraint for the open tubes is the con- 
dition for validity of the Taylor theory N >30, or in the present examples, 
t >6 (s). The packed reactors, i.e., the SBSR and the packed reactor 
operated at the optimum, are not subject to the detector volume constraint 
directly. 

Figures 2 and 3 present the dimensions of the design. The characteristic 
length d in Fig. 2 corresponds to the tube diameter in cases A and B and 
to the particle diameter in cases C and D. The line C’ gives the required 
particle diameter for the SBSR operated at a constant reagent consumption; 
line D’ gives the bed diameter for the packed reactor in the same case. 

The reagent consumption per analysis is given in Fig. 4. This parameter 
was taken as a constraint in cases A, B, C’, D’. It is seen that the design cor- 
responding to D for residence times lower than 30 s is inacceptable from 

f,,(h)-’ 

10‘ 

- t”lsl 
lo' 102 d 

Fig. 1. Sampling frequency as a function of the residence time t,. Pressure drop, 1 bar; 
reagent consumption, 8 ~1 for the open tubes. (A) Straight open tube; (B) coiled tube; 
(C) SBSR; (D) packed reactor operated at optimal conditions. Further design information 
is provided in Figs. 2 and 3. 
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lO+ I 

10° lo' 10' 
~kl 
ld 

Fig. 2. Dimensions of the reactors as a function of the residence time tv Pressure drop, 
1 bar. (A) Straight open tube; (B) coiled tube; (C’) SBSR; all three reactors are operated 
at a constant reagent consumption of 8 ~1. (D) Particle diameter for the packed reactors; 
(D’) bed diameter for the packed reactor operated at a constant reagent consumption of 
8 rl. 

Fig. 3. Reactor length as a function of the residence time t, Pressure drop, 1 bar. (A) 
Straight open tube; (B) coiled tube; (C’) SBSR; all three reactors are operated at a con- 
stant reagent consumption of 8 ~1. (C) SBSR of a fixed geometry (see text);(D) packed 
reactor. 

detector volume requirements. The SBSR with a constant geometry has the 
highest reagent consumption (case C). This comparison enables several con- 
clusions to be drawn. Thus, all four reactor types allow for sampling frequen- 
cies over 100 h-l at residence times of about 100 s and at a reagent con- 
sumption of 8 ~1 per analysis, at a pressure drop of 1 bar. The SBSR is 
characterized by a good performance at very favorable dimensions (e.g., 
design C). It is a worthwhile alternative in f.i.a. for the packed reactor 
operated at optimal flow conditions. 

The performance of the f.i.a. reactors may be compared with the Auto- 
Analyzer approach. Snyder [9] states that, for the SMAC analyzer operated 
at a flow rate of 600 ~1 mm-’ at a bubbling rate of 2 s-l, the sampling 
frequency is 265 h-l at a residence time of 500 s. This figure is higher than 
can be reached in f.i.a. with the present constraints, and the result is achieved 
at a reagent consumption of 150 ~1 per analysis. 

Influence of the sample volume 
When the parameter OL is defined as the ratio of the sample volume, V, 

and the reactor volume, V,, it can be derived from earlier work [lo] that for 
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Fig. 4. Reagent consumption per analysis (4 ~6) as a function of the residence time t, 
Pressure drop, 1 bar. (A) Straight open tube; (B) coiled tube; (C’) SBSR; (D’) packed 
reactor; all reactors were designed with this variable as a constraint parameter. (C) SBSR 
with a constant geometry ; (D) packed reactor with a constant bed diameter (5 mm). 

Fig. 5. Maximum allowable sample volume as a function of the residence time t, Pressure 
drop, 1 bar. (A) Straight open tube; (B) coiled tube; (C’) SBSR; all three reactors are 
operated at a reagent consumption of 8 rl, (D’) Packed reactor with the same reagent 
consumption as the other three reactors; (C) SBSR of constant geometry; (D) packed 
reactor with a fixed bed diameter (5 mm). 

a non-reacting sample a dilution factor of 2 is obtained when (Y nl” = 21’2. 
The time variance of the response curve in this case is ut = (l/n + aZ/12) 
tt = (14/12 n) t,‘. The sampling frequency is then given by 

f max = kl (q-l w’* 0.93 (22) 

It is seen that injection of a sample volume corresponding to V, = V, 2112/ 
n”’ results in a slight loss of maximal sampling frequency, while the reactor 
is operated at a dilution of only two. The influence of chemical kinetics has 
been investigated [ll] . It was concluded from that work that, for first- 
order kinetics and adequate mixing of sample and reagent, it is useless to 
operate a f.i.a. reactor at residence times longer than needed to reach a 
conversion level of say 63% at sample volumes larger than corresponding to 
a n1/2 = 2112. Quite straightforward calculations indicate that for the cases 

A, B, C’ and D’ the maximum allowable sample volume is independent of 
the residence time. Figure 5 illustrates the result of these calculations for 
OL n112 = 21’2. The high sample volume that the SBSR can accommodate 
when operated at a constant particle diameter should be noted. 
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Conclusion 
Complete design equations for flow injection systems are presented; the 

equations allow optimization of these systems. The equations are evaluated 
for the optimization objectives of maximal sampling frequency and minimal 
reagent consumption. Constraints in the optimization procedure are the 
pressure drop which should not exceed 1 bar in f.i.a. and the detector 
volume. It is concluded that reduction of the detector volume is the most 
promising way of improving the performance of (miniaturized) f.i.a. systems. 

The authors thank Dr. R. J. Jonker for valuable discussions and for his 
suggestion to apply the analysis of Knox and Saleem to f.i.a. 
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