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ABSTRACT 

Two gas ionization detectors were studied from an instrument designer's 

point of view. Experimental results indicate that the electron capture detector 

is sensitive to carrier gas density and to atmospheric oxygen. The finite con- 

ductivity of electrode insulators was also found to play an important role in the 

operation of the E.C.D. at high temperatures. The relation between the internal 

volume of a concentration detector and chromatographic peak resolution was also 

examined. The problem of flame ionization detector linearity and loss thereof 

was studied in terms of ion losses by diffusion and recombination and in terms 

of combustion efficiency. 

The effects of bias voltage and electrode spacing on the operating 

characteristics of the F.I.D. appear to be explainable in terms of an ion re- 

combination hypothesis. The ultimate roll-off of the F.I.D. response curve, 

however, can be caused by a loss in the flame's ionization efficiency, as 

demonstrated by the results of a detector calibration experiment. Distortion 

of chromatograms due to a transfer of heat from the flame to the collector 

electrode was also demonstrated experimentally. 

vi.



I. INTRODUCTION 

Gas Chromatography detectors must provide at least two kinds of information: 

the relative times at which the components of an unknown chemical mixture emerge 

from the separation column and the relative quantities of each component. In order 

to provide this information a gas ionization detector must be sensitive to some 

property of the column effluent so that a change in this property causes the detector 

to "respond". The detector should have the ability to respond as quickly as the 

sensitizing property can change in the gas stream emerging from the column, if it 

is to resolve two successive components whose retention times differ by only a small 

percent. 

A desirable detector characteristic is that of response linearity. A perfectly 

linear detector is one whose response is directly proportional to some quantitative 

measure of the sensitizing property. In the case of the flame ionization detector the 

response is proportional to the rate at which hydrocarbon material is carried into the 

detector flame by the column effluent. In the case of the electron capture detector, 

however, the response is a non-linear function of the concentration of certain classes 

of compounds in the column cffluent. The flame ionization detector is classified, 

therefore, as a linear mass rate detector, while the electron capture detector is con- 

sidered to be a non-linear concentration detector. By measuring a detector's response 

to known quantities of the sensitizing property, the detector can be calibrated. This 

thesis is, toa large extent, an investigation into the relationships between the design 

of a detector and its response characteristics as obtained from calibration data. 

Il. GAS IONIZATION DETECTORS 

The "response" of a gas ionization detector takes the form of an electric current. 

The detector must include a means of generating ions and/or free electrons and a means 

of collecting them. The collection of charged particles is accomplished by the use of at 

least two electrodes whose voltage difference is maintained by a suitable battery, power



supply, or pulsed voltage source. The electric field between the electrodes causes 
the charged gaseous particles to drift in a direction that is determined by the charge 
(positive or negative) on the particles and the direction of the field. In general, the 
current density for charged particles of one sign and one species (i.e., electrons or 
a particular ion) in the inter-electrode space can be expressed as 

j.= gn @E +. V), (1) 

where j is the current density in amp/ om”, q is the charge in coulombs of the species 
whose number density is n and whose mobility in om“gec™! volt is u. E is the electric 
field in volt cm”! and V is the gas velocity incem.sec!, in general, j is a vector 
function of the space coordinates X, y and z and of time. The important point here, 
however, is that equation (1) will enable us to be more specific as to the nature of the 
sensitizing property. 

I. THE ELECTRON CAPTURE DETECTOR 

The Electron Capture Detector (E.C.D.) exploits the dependence of n and u in 
equation (1) on the nature of the carrier of negative charge. Figure 1 shows two basic 
E.C.D, design geometries. The parallel plate detector, first described by Lovelock 
and Lipsky (1) in 1961, will serve to illustrate the principle of operation. N, carrier 
gas flows from the column into the volume bounded at the top by a negatively biased 
radioactive foil electrode and at the bottom by the collector electrode. Both electrodes 
are in the form of flat disks with holes in them to permit the flow of gas and are 
separated by an electrical insulator which makes a gas-tight seal with the electrodes. 
The beta particles emitted from 250 millicuries of tritium in the form of titanium 
tritide on a stainless steel backing have an energy distribution whose maximum is 18 
kev. and which is dissipated by ionizing the N,- About 175 ion-electron pairs are 
produced per beta (2). According to Von Engle (3), the ions are of the form No ; Ny 
and N oo Nitrogen does not form stable negative ions (4), however, so that free 
electrons in the inter-electrode space are driven against the gas flow to the collector 
electrode where a current can be monitored. When the column effluent contains mole-
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cules with a positive electron affinity , negative ion formation is possible. In this 

case a fraction of the total number of negatively charged particles in the inter- 

clectrode space are ions and hence have a lower mobility by at least a factor of 

10°. (See, for example, the discussion of the Compton-Langmuire equation in the 

text by Cobine (5)). 

Due to their relatively slow drift speeds negative ions spend more time in 

the inter-clectrode region so that their chances for becoming nedtraliced by re- 

combination with the positive nitrogen ions are much greater than those of the free 

electrons. The net result of introducing electron acceptor molecules into the E.C.D. 

is, therefore, to reduce the effective values of n and u in equation (1) with a corre- 

sponding loss in the current density, j. The sensitizing property, to which the E.C.D. 

responds is, therefore, the ability of a gas to form negative ions by electron attachment. 

The detector's response consists of a reduction in the collector current. 

Response Characteristics 

The earliest attempt to describe the E.C.D.'s response characteristics is the 

Beer's Law interpretation due to the detector's inventor, J. E. Lovelock (6). This 

model is based on electron attachment phenomena, as discussed in the text by Healey 

and Reed (7). Stated briefly, the detector response, 8, is related to the concentration 

of electron capturing species according to the following equation: 

S/T, = 1- exp (-kxC) (2) 

where ly is the detector current in the absence of electron acceptors and S is the loss in 

current due to the presence of the capturing species whose concentration is C. xis a 

characteristic dimension of the detector. For the parallel plate geometry shown in 

Figure 1, x is the distance between the electrodes minus some length to account for the 

fact that most of the free electrons are produced by energetic beta particles some dis- 

tance away from the radioactive foil. The constant k can be defined by stating that the 

product k C is the electron attachment coefficient per unit length of drift through a gas 

that contains a concentration, C, of capturing species. The product k x is often referred 

to in gas chromatography literature as the "capture coefficient".
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In 1962 Wentworth and Becker (8) published a theory of E.C.D. operation 

that was based on the assumption of an equilibrium between neutral gas molecules, 

free thermal electrons, and negative ions. 

A +e SA: (3) 

K= (A) / CAVE @ 
where A represents the neutral molecule and K is the equilibrium constant for equation 

(3). fe) is the concentration of thermal electrons inside the detector when the 

electron capturing species is absent and (Ais the concentration of electron acceptors 

in the gas before it enters the detector, we can write: 

(4), =f) + (4) 6) 

(},-&)+ (4) (6) 

Using these expressions in equation (4) and rearranging terms, we get: 

(}- «(CL- (01) (4,-65) , 
Under the assumption that (a7) <<{4),. equation (7) can be written: 

(4°)=«(4), ((2L- Ss) (8) 

_ To relate equation (8) to the E.C.D. response, we first note that the response is 

a change in the collector current which consists predominantly of free electrons. 

Equation (1) shows that this current is proportional to the density or concentration of 

free electrons in the inter-electrode region. We can write, therefore: 

where Ly and S have their previous meanings and I is the collector current when 

“electron acceptors are present in the detector. After re-arranging the terms in 

equation (8) and using equation (6) to eliminate (4°) » we get: 

(alo (Co Ce9)/(ta Ce) - €4,)



ae 

ce | 
s [4].- 1-S/I, (9) 

  

For comparison the Beer's law in equation (2) can be solved as a function of kx C. 

kx C =-in(1-8/1,) (10) 

Design Principles 

Both of the above interpretations describe a concentration detector. In both 

equations, (9) and (10), the independent variable is the ratio 8/1); or normalized 

response. It may also be noted that for S/I, < < 1 both equations are approximately 

linear relations between the concentration and the normalized response. 

The E.C.D.'s classification as a concentration detector determines how it can 

be used for quantitative work. In general, the rate at which a gaseous material 

passes through the detector is given by: 

m = QC, (1) 

where m is the flow rate of material in gm/sec, Q is the volume flow rate of the 

carrier gas in cm3/sec and C is the concentration of material in gm/em?, For 

column effluent materials C is a function of time. m can be expressed as a function 

of the normalized detector response by using equation (9) or (10) (both equations give 

essentially the same results for S/Iyg_ < 0.1). The integral of m over the time inter- 

val that it takes for a chromatographic peak to elute is equal to the total weight of the 

compound that corresponds to the peak. For concentrations that are sufficiently small 

so that the maximum value of S/Ig is much less than unity, we can use the linear ap- 

proximation of equation (10) to write: 

m= f ma-afeat A (Q/KI) fSdt (12) 

where M is the total weight of the sample component whose electron capture coefficient 

is K. The integrated detector response in equation (12) is equivalent to the area under 

the chromatogram of the compound in question. Equation (12) implies that for a fixed 

quantity, M, the chromatographic area is inversely proportional to the carrier gas flow 

rate, Q. This is a consequence of the fact that the E.C.D. is a concentration detector.



In order for the relation implied by equation (12) to be valid so that chromatograms 

obtained with different carrier gas flow rates can be compared, for example, it is 

desirable to minimize the effects of gas flow rate on the standing current, I ne 

Oxygen Back Diffusion 

Detection is normally the last step in a chromatographic analysis. Most 

detectors, therefore, have an exhaust port through which carrier gas and detected 

samples are vented directly into the atmosphere, Atmospheric Oo, however, is 

sufficiently electronegative to produce a response in the E. C. D. (30). 

It has been shown (9) that when atmospheric Og is prevented from back dif- 

fusing into the detector through the exhaust port, that the standing current, Ip, is 

insensitive to changes in the carrier gas flow rate, as long as the detector pressure 

is held constant. 

To prevent O, back diffusion from occurring, the detector can be housed in an 

enclosure which eventually fills up with vented carrier gas. A loose fitting lid on the 

enclosure provides for access to the detector while permitting the vented gases to 

finally escape into the atmosphere. To prevent detected samples from back diffusing 

into the detector, the enclosure can be supplied with an auxilliary flow of inert gas. 

Another solution is to use a small diameter exhaust port so that the gases are vented 

with a high linear velocity. In this case, however, an apparent flow sensitivity may 

occur as a result of the detector's pressure sensitivity. 

Experimental Evidence of Oo Back Diffusion 

Figure 2 shows six standing current versus voltage curves for the concentric 

cylinder E.C .D. shown in Figure 1. In this case the detector was provided with a 

threaded cap in which a 0.15 inch long, 0.045 inch diameter exhaust port was drilled. 

The curves were obtained at three different carrier gas (No) flow rates. At each flow 

rate the standing current was measured with and without the detector enclosure lid in 

place. A 12 millicurie nie? radioactive foil was used in the detector whose temperature 

was maintained at 30°C. The effect of O,, back diffusion is clearly evidenced by the
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fact that at each flow rate the standing current is higher with the lid on. The 

difference between the curves obtained at different flow rates, however, is due to 

the combined effects of detector pressure and 0, back diffusion, as can be seen by 

a comparison with Figure 3. 

The curves in Figure 3 were obtained with a smaller diameter exhaust port 

(0.01 inches). Here we see that the standing current is completely insensitive to 

the concentration of Oy in the detector enclosure, as the presence of the lid has no 

effect. The increase in current with carrier gas flow rate can be attributed to an 

increase in detector gas pressure (9). 

In the case of the concentric cylinder detector the standing current can be 

described as a function of voltage (9) by 

Lee AONE) (13) 

where A is the upper limit for the standing current that is approached as the voltage, 

V, is made large relative to the parameter B (B is of the order of 1 volt). Measure- 

ments at different detector pressures and temperatures show an approximately linear 

relation between A and the density of carrier gas in the detector. Figure 4 is a plot 

of the upper limit for the nie? concentric cylinder detector versus the gas density. 

The slope of the line in Figure 4 is 1.2 x 10” amp per (mm Hg ee: Therefore, 

the difference in the two upper curves in Figure 3 can be attributed to a 40 mm Hg 

change in the detector gas pressure. 

Choice of Construction Materials 
  

As noted previously, both the Beer's law of Lovelock's interpretation and the 

Wentworth-Becker equilibrium theory relate the concentration of detectable substance 

to the normalized response S/1,. The choice and condition of the materials used for 

clectrical insulation can play an important role in determining the apparent magnitude 

of the standing current, I.



Electrical Insulation 

Figure 5 is a schematic representation of the E.C.D. electric circuit, in- 

cluding the cathode insulation R,, the resistance of the insulator which separates 

the cathode from the collector, Ry, and the resistance of the material which in- 

sulates the collector from ground, Rg. The voltage source, E, is often a high im- 

pedance device so that insufficient insulation at R,; may cause the cathode potential 

to drop because of voltage supply overloading. Unless a vacuum tube voltmeter is 

used, cathode voltage measurements may only be valid when the effective impedance 

of the voltmeter is present between the cathode and ground. However, leakage 

currents through R,; during detector operation present no problem as long as the 

cathode potential remains constant. 

E.C.D. standing currents are typically less than ic amp. When a low 

input impedance device, such as the DC operational amplifiers used by Varian 

Acrograph, is used for measuring the collector current the difference in potential 

between collector and ground is often of the order of micro volts or less. In this 

case the finite conductivity of Re presents no problem unless, of course, Rg is a 

"dead short''. 

By far the most serious electrical insulation problem in the design of an E.C.D. 

is that presented by the inter-electrode insulator. Current that is conducted through this 

material or across a film of contamination on its surface, such as fingerprints or 

column bleed condensation, can cause the standing current to appear much larger than 

its true value. In general, the apparent standing cur rent, i 9 can be expressed as: 

' 

i a 2 ¥. Pu, (14) 
oO 

where V is the voltage drop across the inter-electrode insulator and Ry is the total 

resistance of the insulator plus contamination (insulator and contamination can be 

thought of as resistors in parallel). The resistance of clean glass and ceramic in- 

sulators decreases exponentially with reciprocal absolute temperature. 

Rw. ep ise 7, (15)



where, according to Jones (10), the activation energy, EK, is of the order of 20k 

cal/mole. Figure 6 shows the resistance-temperature characteristics of the 

glass insulator that separated the electrodes of the concentric cylinder E.C.D. 

that was used in these detector studies. The data were obtained after removing 

the ae radioactive foil. A least squares fit analysis showed that the data are 

deseribed by: 

10 
R = 1.59 exp (121 x 10 /RT) Ohms (16) 

with a relative standard deviation of 15%. The activation energy, 121 x 101° ergs 

(29.0 k cal) per mole is consistent with the figure quoted by Jones. 

The upper curve in Figure 7 is a plot of the apparent (i.e. measured) stand~ 

ing current I, versus cathode potential for a nie? concentric cylinder E.C.D. at 342 ee 

The resistance of the inter-electrode glass insulator at this temperature is 3.35 x 10! 

olins. The conductivity of this insulator is not small in comparison to the conductivity 

of the ionized gas and is responsible for the linear increase in current that appears 

in the data for V > 10 volts. The lower curve in Figure 7 is a plot of the true standing 

current, I,, that was obtained by subtracting the Ohm's law current from the measure- 

ments. 

Geometric Considerations 
  

In this section the geometry and internal volume of concentration detectors 

will be examined in terms of the effects they have on the shape of a chromatogram. 

A chromatogram that is obtained with the use of a calibrated and well designed detector 

is a record of the time distribution of detectable substances in the column effluent. On 

the other hand a detector whose internal volume is too large and whose internal geometry © 

is improperly designed can produce a distorted picture. The following analysis illus- 

trates some of the problems associated with the ‘mixing chamber effect. ' 

Consider the detector whose internal geometry and gas flow pattern are sketched 

in Figure 8 and assume that the vortices in the flow pattern provide perfect mixing for 

gases entering the detector. The rate of change of the total mass of a particular gas in
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the detector is equal to the difference between the input and exbaust rates for that gas. 

d(C V)/dt=QC;-QC , (17) 

where V is the internal volume of the detector (a constant) and C is the concentration 

of gas in gms on inside the detector. C; is the concentration of gas as it enters the 

detector and Q is the gas flow rate through the detector in em™? sec"! (we assume that 

the pressure drop across the detector is negligible). Suppose that Cj is a Gaussian 

function of time: 
| 

@; Cg: exp [-«-t° rte? | (18) 

where t, is the retention time and o is the peak width at 60.6% of its maximum con- 

centration, C,. Equation (17) can now be written: 

dC/dt = (Co/ r ) exp [- (t-to)” {o2¢ 4 - C/T (19) 

where rt = V/Q, is the detector time constant. Equation (19) is linear in C and has 

the solution x(t) 

C(t) = Cy V2 m (9/7) exp (-2 9/7 ) exp (- e*/2t °) [exp (-x2/2)dx (20) 
GO 

where x = (t-ty) /@ -¢ /+ . The integra! in equation (20) can be evaluated by the use 

of error function tables. 

The derivation of equation (20) can be found in a paper by James C. Sternberg 

(11) who also shows the effects of the time constant on the peak height, peak width, 

and apparent retention time of the concentration distribution as observed from inside 

the detector. In particular, Sternberg shows that for a ratio, 7/ 7 = 1.0381, the 

concentration inside the detector maximizes at only 77% of the input maximum, Co, 

and lags behind the input distribution by 0.71385 ¢ . Ast /o approaches zero, these 

figures improve. For example, at r/o = 0.1923 the concentration inside the detector 

maximizes at 0.98 Co and the lag time is down to 0.20 . In practice the width of the 

concentration distribution eluting from a 5-ft. x 1/8-inch column in a 30 om. nin” 

carrier gas stream is often of the order of 5 seconds (chart recorders are usually limited 

to a full scale pen deflection in one second, which corresponds to a peak width of 

approximately two seconds). Therefore, in order to
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design an E.C. D. (or any other concentration detector for that matter) so that 

t/o < 0.2 we need: 

r =V/Q £0.2¢ 

or V40.2¢ Q=0.5 om? 

Equation (20) can be used to plot the concentration inside the detector as a 

function of time. Sternberg shows curves for the cases T fe ot Oe, e 14.0, By 

10 and 20. Ingeneral, as r/o increases from the ideal optimum value of zero, 

C (t) becomes broader and non-symmetrical. However, as an approximation for 

the case of the Gaussian input function, the width of C (t) can be taken as inversely 

proportional to its height. That is, as C goes from 0.98 C : to 0.77 C 3 the 
max 

width of the C vs t curve at 60.6% C,,,, can be expected to increase by a factor of 

0.98/0.77 = 1.27. A broadening of the function C (t), will of course result in broader 

chromatograms with a consequent loss in peak resolution. 

IV. THE FLAME IONIZATION DETECTOR 

The Flame Ionization Detector (F.I.D.) makes use of the fact that ions are 

produced in the process of hydrocarbon combustion. The essential components of this 

detector are shown in Figure 9. Column effluent gases, which consist of carrier gas 

plus the vaporized organic materials of the sample being analyzed, are mixed with Ho 

and burned in a stationary diffusion flame whose combustion is supported by a con- 

tinuous flow of air. As in the case of the E.C.D. , apair of electrodes is used to 

remove ions and free electrons from the ionization zone (viz. the flame). The bias 

electrode in Figure 9 is the burner jet, which is electrically biased, and the collector, 

which is connected to a current measuring device. 

The chemi-ionization of hydrocarbons by the reaction CH + O CHO + 7 

has been documented by Calcote (12) and Sugden (13) and is recognized as the mechanism 

for ion production in the F.I.D. (14). The Hg flame itself produces no ions. The addi-
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tion of trace amounts of hydrocarbon material, however, remults in the production 

of ions at a rate that is proportional to the combustion rate of the organic material. 

In the ideal F.I. D. the electrode system removes all of the electric charge that is 

produced in the flame so that the detector response is proportional to the hydrocarbon 

combustion rate. Hence the classification, "linear mass rate detector". 

Real flame ionization detectors, however, are not quite the ideal linear 

detector, although they come remarkably close to this goal. In order to study the 

mechanisms by which ions are produced and collected or lost and the way in which 

these mechanisms relate to F.I.D. operating characteristics, the conventional 

detector was modified to extremes in some of the experiments described in the 

following sections. 

Flame Height Studies 

An appropriate starting point for the study of F.I.D. respohie characteristics 

and design principles is an investigation of some of the physical properties of diffusion 

flames. One of the most frequently referenced papers on this subject is a report by 

Burke and Schumann (15) who analyzed the case of a flame burning on a cylindrical fuel 

jet on the axis of a larger cylindrical air conduit. The fuel jet wall was assumed to be 

negligibly thin and the flow of gases was postulated as laminar. The mixing of fuel and 

Oy in this model is due solely to the inter-diffusion of the two gases. For sufficiently 

tall flames the mathematical analysis can be confined to the solution of the equation , 

for radial diffusion. Combustion is limited to the flame front which is defined as the 

surface where fuel and Og meet and burn in a stoichiometric ratio. Og does not pene- 

trate this surface nor does fuel diffuse outwardly beyond it. Combustion products, 

however, are free to diffuse in both radial directions from their origin at the flame front. 

With the following notation: 

Z = distance above fuel jet 

z = linear gas velocity parallel to the flame axis 

R = inner radius of air conduit 
oO
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toe radius of fuel jet 

r = radial distance 

k = coefficient of inter-diffusion 

Pp = partial pressure of fuel in unburnt jet gases 

Po = partial pressure of Og in air supply 

p = partial pressure of fuel at any point in space 

i = number of moles Og required for complete combustion of one mole fuel 

. =ppt+ Po /i 

t = time 

the equation for radial diffusion in cylindrical coordinates can be written: 

2 

ae E [Se Poe : 
where 9 (z/ Zz) has been substituted for 9t in the usual diffusion equation. Initial 

conditions are: 

p=pp, 2=oando4éréry 

p=-p,/i, z=oandrg2rZR, 

where the latter condition was introduced by Burke and Schumann to surmount the 

difficulties presented by the fact that one boundary condition is p = 0 at the flame 

front but until equation (21) is solved the coordinates of the flame front are unknown. 
‘ 

Other boundary conditions are: 

op/ar=o atr= 0, Ry 

The solution to equation (21) which satisfies the given conditions is, according to the 

authors 

p=P (c,/R,)” =Po/1 +2To P > J, (urg) Jg (ur) exp (-ku2 z/2), (22) 

2 ae nee 4 Ae Ro u (Jo (uRQ) ) 

where Jg and J, are Bessel functions of the first kind and where u takes on all values 

which satisfy the equation J, (uRp) = 0 The summation in equation (22) is over all these 

values of u.
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To solve for the coordinates of the flame front one has to solve equation 

(22) with p = 0, which requires a graphical solution. However, examination of 

the exponential factor reveals two facts of interest to the scientist or engineer 

working with diffusion flames. Note that, in general, the value for p in equation 

(22) is unaffected by variations ink, z, and z which leave the quantity kz/z un- 

changed. Therefore, the flame height, which corresponds to z when p = o and 

r= 0, is: (1) proportional to the linear gas velocity, Z, and (2) inversely pro- 

portional to the coefficient of inter-diffusion, k. 

To explore the implications of the Burke and Schumann interpretation 

further, a computer program for the solution of equation (22) was written. As 

we will see later, the solution is also useful in describing the distribution of ions 

due to ambipolar diffusion inside a cylindrical tube whose inner surface represents 

an absorbing barrier. Details of the computer program are given in Appendix I. 

One of the results of this analysis, obtained for the special case, p = 0, r= 0, is 

shown in Figure 10 where we see a relationship between kz/ z and the ratio of un- 

burnt fuel to oxygen at the base of the flame. p= 0, r = 0 corresponds to the top of 

the flame so that, if k and z are known, Figure 10 can be used to find the flame height 

z as a function of the partial pressure of fuel in the jet gases, the partial pressure of 

Og in the air supply and i, the stoichiometric ratio of O2 to fuel for complete com- 

bustion. While the Burke and Schumann report has been succeeded by more complete 

analyses, such as that by Fay (16) which takes into account the conservations of mass 

and energy in the flame, Figure 10 is at least useful for a qualitative analysis of some 

of the physical aspects of diffusion flames. For example, lowering the value of pr by 

diluting the fuel with an inert gas will result in a shorter flame while diluting the Oo 

in the air supply will have the opposite effect. Note also that a partial pressure of 1 

atm. for Ho (i= 1/2) is equivalent in terms of flame height to a partial pressure of 

0.25 atm. for CHy (i = 2). 

When a hydrocarbon that has eluted from a GC column enters the diffusion 

flame of a F.1I.D. the flame will increase in height for two reasons. First, even if
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the value of i for a hydrocarbon is 1/2 (i.e. the same as for Hg), the flame will get 

larger due to an increase in ps. That is, some of the carrier gas, which normally 

dilutes the Hy, will be displaced by the hydrocarbon (more fuel). Second, the value 

of i for hydrocarbons is generally greater than 1/2 so that the additional fuel will 

produce an increase in flame height that is larger than that which would be produced 

by the same partial pressure of Hy. These effects are most noticeable during the 

elution of solvent peaks. As the hydrocarbon burning rate increases, reaches a 

maximum, and finally decreases, the flame height will go through an analogous 

sequence, as can be verified by visual observation. The importance of this fact, 

as regards F.I.D. design, is that the proximity of collector electrode to flame must 

allow for the change in flame size with pp and i. The following experiment demonstrates 

this. 

Flame Height Experiment 
  

A stainless steel capillary tube burner jet with I.D. = 0.038 cm. and O.D. = 

0.0635 cm. was installed on the axis of a glass air conduit withI.D. = 0.4 cm. The 

unburnt jet gases consisted of 0.59 em?/gsec Hy + 0.242 em®/sec Ny which were burned 

in a 234 em®/sec. air stream. By holding a ruler behind the glass tube, the flame 

height could be measured as 0.5 microliters of benzene eluted from a G.C. column. 

In a dark room the flame became visible at a height of approximately 0.05 cm and 

attained a maximum height of 0.35 cm. The flame was visible for approximately 5 

seconds. 

Bearing in mind the fact that the ideal conditions postulated in the Burke and 

Schumann analysis were not fully realized, let us compare the above experimental 

results to the theoretical predictions. For the jet gas flow rates and jet diameter 

used in this experiment, the average linear gas velocity at 293°K is 730 om*/ sec. 

‘The partial pressure of unburnt fuel is pg = 0.59 / (0.59 + 0.242) = 0.71 atm. The 

partial pressure of Os in air is Poo ~ 0.21 atm. Since a half mole of oxygen is required 

for complete combustion of one mole of Hy, we have i= 0.5. Therefore,
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i ;/Po,) = rie (23) 

The corresponding value for kz/z in Figure (10) is 1.87 x 1074 em? go that the 

flame height can be expressed as 

2=1,87x 10 2/k (24) 

Note that the temperature dependence of Z (viz er T) is partially cancelled by 

the increase in diffusion rate with T. According to Gaydon and Wolthard (17), k 

is proportional to the 1.75 power of the temperature. These authors also show a 

calculated temperature of 2373°K for stoichiometric combustion of hydrogen and 

air in a pre- mixed adiabatic flame. Since the small FID diffusion flame does lose 

heat to its surroundings and since the average temperature of a diffusion flame is 

considerably less than its maximum value, let us take about one-half the adiabatic 

temperature, or 1200°K, as an appropriate "first guess" temperature for estimating 

the value of k. At 273°K the diffusion coefficient for Hy in air is 0.611 em2/sec (18). 

Using the 1.75 power relationship suggested by Gaydon and Wolfhard, we get: 

1.19 
k = 0.611 (1200/273) = 8,2 cm”/sec (25) 

Equation (24) can now be used to compute a value for the flame height: 

g=d.87 x 10 (730/8.2) x (1200/293) = 0.068 cm 

where the factor (1200/293) is the temperature correction to the gas velocity whose 

value of 730 cm/sec corresponds to a room temperature of 293°K. The calculated 

value of 0.068 em for the height of the Hy diffusion flame is in good agreement with 

the approximate height of 0.05 em at which the flame first became visible after the 

addition of benzene. That is, the agreement is good in view of a possible 50% error 

in the flame height measurement and the crude method used for choosing an appro- 

priate flame temperature for the calculations. 

To compute the maximum flame height we must first estimate the partial 

pressure of fuel in the unburnt gases when the burning rate of benzene is at its 

maximum. The density of benzene at 20°C is 0.879 gm om” and its mole weight is 

Hod
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78.11 gms. Therefore, a 0.5 microliter injection of CgHg at room temperature is 

equivalent to-5.62 micromoles. For the purpose of estimating the maximum partial 

pressure of CgHg¢, let us assume that the partial pressure rises linearly at a rate of 

A atm./see for the first 2.5 seconds and then decreases at the same rate for the next 

2.5 seconds. That is: 

Pe ~ At, oft $2.5 sec . (26a) 

6 

- A (6-t), 2.5<t=5 sec (26b) 

= 0, otherwise (26c) 

The rate at which benzene is introduced into the flame can be expressed by 

e 

m = QC, (27) 

where m is in moles of CgHg per sec., Q is the volume flow rate of gas through the 

3 

jet (a constant), and C is the concentration of unburnt benzene in moles per cm’. 

That is, 

G.=p.2/ RT, (28) 

% 

where the ideal gas law has been used. Since 50% of the total injection burns during 

the first 2.5 seconds, we can write 

2.5 2.5 2.5 

M met. Q [v, at= QA fre (29) 

2, RE 6 RT 

oO Oo oO 

Solving equation (29) for A, we get 

A=2RTM , =2.6x 10-7 atm./sec (30) 

2Q(2.5) a 

where we have used: 

M =5.62x 10° moles 

R = 82.06 atm. em? per mole per rk 

T = 293°K 

Q = (0.59 Hy + 0.242 Ny) em?/sec = 0.832 em?/see 

Returning to equation (26a), we see that the maximum partial pressure occurs at
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t = 2.5 sec and is equal to: 

Oo dinae = 6.5 x10 atm, (31) 

The Burke and Schumann model can now be used to compute the maximum flame 

height. 

The complete combustion of one mole of benzene, 

CgHg + 7-5 On 96 COg + 3 HO (32) 

requires 7.5 moles of O). Therefore, 

-2 : 

1 @e) / p (Og) = 7.5 x 6.5 x 10 /0.21 = 2.32 (33) 

> max 

The corresponding value for kz/z in Figure 10 is 2.42 x 1074 cm”, The coefficient 

for the inter-diffusion of benzene in air at 273°K is 0.077 em2/sec. (18). At 1200°K 

we have: 

ss ; ito 2 
k = 0.077 (1200/273) = 1.03 cm”/sec. (34) 

The flame height is given, therefore, by: 

29 42840 2/k (35) 

~ 2.42 x 107+ x (730 x 1200/293)/1.03 

Zi. 0. 10 Cm 

which is twice the observed maximum height. Better agreement between the ob- 

served and calculated flame heights can be obtained by assuming a higher flame 

temperature in the calculations of z and k (2/k ~ res! y. However, the significant 

result is that a solvent peak eluting from a GC column (1/2 microliter Cee isa 

representative example) causes the flame height to increase by approximately an 

order of magnitude. This is the conclusion of both the experimental observations 

and the theoretical analysis. Flame Ionization Detectors should, therefore, be 

designed for flames of variable size.
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Inadequate Electrode Spacing 

To study the kind of problem that can result from a detector design that 

does not allow for changes in flame size, the following experiment was performed: 

A spherical platinum collector electrode with diameter = 0.2 cm was placed 

on the flame axis 1.9 em above the capillary burner jet. The glass air conduit, 

capillary burner and platinum collector electrode of the previous experiment were 

assembled ina Varian Acrograph Model 1200 Chromatograph detector tower, as 

shown in Figure 11. The inner surface of the tower was lined first with Teflon for 

electrical insulation and then with a 0.012 cm thick aluminum foil insert, which 

served as the bias electrode. Figure 12 shows two sets of chromatograms due to 

0.5 microliters of benzene obtained with this detector. The upper pair of chromato- 

grams were obtained with the aluminum foil biased positively at 300 volts while the 

lower chromatogram was obtained with a foil potential of -300 volts. Note the double 

headed peaks that are especially prominent in the case of the positive foil and the dip 

above baseline that occurs before and after the major portion of the lower peak 

(negative foil). The positive vertical axis in Figure 12 corresponds to positive 

collector current which is to say collection of positive ions and/or emission of 

electrons from the platinum sphere. The negative half of the vertical axis corresponds 

to collection of negatively charged particles (viz. ions and/or free electrons) from the 

flame gases. The width, at baseline, of the lower peak is approximately 5 seconds, 

which corresponds to the time interval during which the flame was visible. The upper 

peaks are considerably broader. 

If we assign the same time dependence to the flame temperature that was 

assumed as an approximation to the CgH¢ burning rate in the flame height calculations, 

we can show that the maximum temperature of the collector electrode lags behind the 

flame temperature by 1.6 seconds. Since 1.6 seconds correlates with the time 

separation of the two heads of the upper peaks to within a factor of 3 or 4, it seems 

reasonable to assume that the splitting of the CgHg chromatograms into two heads is
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due to the chemi-ionization of the hydrocarbon (first head) followed by a thermal 

effect (second head). The difference between the positive and negative foil peaks 

suggests thermionic emission as the "thermal effect" although this hypothesis 

runs into difficulty as we will see in the following analysis. 

The Hot Electrode 

Consider the problem of heat transfer to a sphere in a stream of hot air. 

Since the coefficient of thermal conductivity is approximately three orders of 

magnitude greater for platinum than for air, we can assume that the rate of heat 

flow into the platinum is limited by the conductivity of the air film at the surface 

of the sphere and that the temperature gradients inside the sphere are negligible. 

The quantity of heat, dQ, that flows into the sphere in the time interval, dt, can be 

expressed as 

dQ= Ah (T,, -T) dt, (36) 

where A is the area of the sphere whose temperature is T, Ty is the temperature of 

the gases outside the surface film around the sphere (i.e., the temperature of the 

hot air stream), and h is the surface coefficient of heat transfer. The heat input, 

dQ, produces an increase in sphere temperature, dT, according to the relation 

dT = dQ/vCe (37) 

where V is the sphere volume and p and C are the density and specific heat of 

platinum respectively. Substituting VC pdT for dQ in equation (36) and rearranging 

terms we get 

dT = (A h/CVP) (T,, -T) dt (38) 

For a sphere with diameter = 0.2 cm we have A/V = 30cm. For platinum C = 0.0322 

eal gm”? a3 and p = 21.45 gm om”. As shown by McAdams (19), the dimension- 

less variables X =DG/u and Y = hD/k are related according to the equation 

Y=0.37x 0.6 where k and u are the thermal conductivity and viscosity of air
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respectively, G is the fluid (air) flux in units of mass area * time -, and D is 

the diameter of the sphere. Therefore, we can express the surface coefficient 

of heat transfer, h, in the following way: 

h= 0/87 &k /D)(DG/u)?"® (39) 

The air flow in this experiment was 23 ém eee. measured at room temperature 

and pressure. The density of air at 300°K is 1.3x 10° gm cm™*, The inner 

diameter of the air conduit was 0.4 cm. The fluid flux, therefore, was 

-3 a 

G=23x1.3x10" _ 9.938 gm cm™ sec (40) ov Bee 5 
qr (0.4/2) 

Using the data tabulated in the text by McAdams (19) one can show 

iedeenio To poise (41) 

lem 106x908 Fo" cal ee CK om) (42) 

Substituting the expressions for u, and k and the values of D and G in equation 69), 

we get 

1 6x00 or (43) 

Returning to equation (38) we note that the temperature dependencies of V and p cancel. 

An examination of the specific heat and coefficient of linear thermal expansion for 

platinum (e.g. see Handbook of Chemistry and Physics (20) ) shows that the former 

changes by roughly 0.02% per °C and the latter is equal to 9x ide", Therefore, if 

we write 

| B = Ah/CVe (44) 

then 

(1/B) dB/dT = (1/h) dh/dT + (1/A) dA/dT - (1/C) dC/dT (45) 

which for T = 10° Me becomes 

(1/B) dB/dT 2 0.02% per °K : (46)
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In other words, the quantity B = Ah/CVé varies rather slowly with temperature 

so that it can be treated as an approximate constant in solving equation (38). 

The gas temperature, T.? will change with time as the benzene peak elutes 

from the column into the flame. Let us assume that Ty increases linearly with 

time for the first 2.5 seconds and then decreases at the same rate for the next 2.5 

seconds. That is, 

T =a+T +bt, (47) 
g ° 

where t is the temperature of the gases above the flame when H, is the only fuel 
2 

(i.e., before and after the benzene elutes) and 

Case l: a=0o 

be a ha) 1 aes 0 &@ t.<-2.6 sec (48) 

Case 2: a=2 (T -T ) 
max oO 

== Ape oD, 2. 4 < 5 ie TS) / 2.8 5 t < 5 sec (49) 

Case 3: a=b=o0 , otherwise, (50) 

where 7 ne is the maximum temperature of the gas. Substituting the general ex- 

pression for qT. in equation (38), we get 

dT = (A h/ CVP) (a+ T\+bt- T) dt (51) 

which can be solved by substituting a temporary variable, x, for the quantity 

a+ Ty + bt -T and separating the variables x and T. The solution of equation (51) 

is \ 

T-T,= atbt +| b+ [pestetity »| exp (-B t-t;| ) | (52) 

where B = Ah/CVP, and T; is the platinum sphere temperature at t = t.. We now 

consider the three cases.



aS 

Case |: t; = 0, Tap 

r oe 
F “vf - ; 

T-Ty = (Tmax ~To) 42.5 | t= B (a - exp [-»«| ) (53) 

Case 2: t S260 

qT; =: sphere temperature at t = 2.5 seconds in case l. 

T-T> us (5-t) (aa -T,) / Di + 

(Tmax -Ty ) i (2 [ max Tj | + Vian 5 ) exp (s [2.3] | (54) 

Fe “Soa 0 oO 

  

A 
B 

Case 3: t, = 5 

22% sphere temperature at t = 5 seconds in case 2. 

T-T, = (Tj - Ty) exp CB [t . 5) 3 (55) 

Using the values for C, P , and A/V as stated earlier and the value for h at T = 10° at: 

as obtained from equation (43), we get, B = 4.55 sec! . Equations (53), (54), and (55) 

can now be used to compute and plot the ratio, (T -T)) / (Tmax ~To) versus time, as 

shown in Figure 13. 

The significant feature of Figure 13 is that the platinum sphere collector 

electrode attains its maximum temperature 1.6 seconds after the maximum in the air 

temperature. In the search for an appropriate thermal mechanism to account for the 

chromatograms shown in Figure 12, thermionic emission is an attractive candidate 

for the following reasons. In the case of the positive foil chromatograms the electrode 

polarity is such that the current which results from the thermionic emission of negative 

electrons out of the hot sphere has the same sense (or sign) as the positive ion current 

flowing into the sphere. Hence the relatively slow cooling of the platinum sphere, as 

shown in Figure 13 for t > 4 seconds, can account for the tailing of the positive foil 

chromatograms. In the case of the negative foil chromatogram, however, thermal 

electrons are emitted against the external electric field so that the slow cooling of
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the sphere results in a dip above the baseline of the lower chromatogram in Figure 
12. The sharp dip above baseline that occurs at the leading edge of the negative 
foil chromatogram cannot be explained in terms of thermionic emission and is not 
understood at this time. 

To pursue the question of thermionic emission further, the height of the 
"thermal head" can be used with Richardson's equation to estimate the temperature 
that would be necessary to account for the data. Richardson's equation can be written 

jak, 7” exp (-k, /T), (56) 

where j is the density of electron current emitted from the hot sphere in amp. ns 
and T is the absolute temperature of the sphere. For platinum ky =e? x 10° amp 
om” 858 and k, = 7.25 x 10*:° K (see, for example, Cobine _ ). An examination 
of the positive foil chromatograms in Figure 12 shows that the amplitude of the 
second head is of the order of 10° amp. Since the area of a 0.2 cm sphere is 0.125 
om”, the required current density is 

j = current/area = 8 x 10°° amp em~2 (57) 

which occurs when platinum is at a temperature of about 1770°K, Returning to 
Figure 13 we note that the maximum platinum sphere value for (T - T et (Ta Ey Sirs TY) 
is only equal to 0.3 In other words 

Tmax (sphere)=0.36 |Tmax was)-T, | +o (58) 

so that if Ts were as high as 1400 K, the maximum gas temperature would have to 
equal 2235°K. Subsequent measurement of the gas temperature at the fuel jet 

(i.e. at z < 0) with a chromel-alumel thermocouple, however, produced a value of 
only 830°C. While this value is undoubtedly low due to the thermal conductivity of the 

thermocouple, the temperature of the platinum sphere should have been affected in a 
similar manner by conduction to the brass screw from which it was suspended (See 

Figure 11).
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Discussion of Thermal Effects 

The application of Richardson's equation to the present problem is naive, 

since thermionic emission from platinum in a gaseous atmosphere requires a dif- 

ferent value for the effective work function than that which is implicit in the value for 

k,. The interaction of gas molecules with hot filaments has been analyzed and ex- 

ploited for the measurement of electron affinities by Page (21). "However, in the 

present case an alternate explanation seems more likely. The platinum sphere was 

formed on a 0.015'' diameter Pt. wire which was suspended from a brass screw. 

At the point of suspension a flexible copper wire was soldered for the purpose of 

making an electrical connection to the current measuring device. The junction of 

the platinum and copper wires formed a thermocouple. Figure 14 is an equivalent 

circuit of the flame, thermocouple and operational amplifier which held the copper 

wire at (virtual) ground. The direction of the thermocouple E.M.F. is consistent 

with the effects observed in the chromatograms. That is, the increase in E.M.F., 

produced by an increase in temperature, generated a current whose direction was 

equivalent to the emission of electrons from the platinum sphere. The temperature 

of the thermocouple junction would be expected to lag behind the sphere temperature 

in time, since some of the heat responsible for raising the junction temperature would 

have to be conducted from the sphere through the platinum wire. This explains why 

the separation of the two heads in the benzene chromatogram was greater than that 

calculated for Figure 13. Unfortunately, a quantitative analysis of this interpretation 

was not possible without a reasonable estimation of the effective resistance of the gases. 

Excessive Electrode Spacing 

The anomalous double headed solvent peaks described in the previous sections 

were attributed to inadequate spacing between the flame and the collector el ectrode. 

This conclusion raises two questions: what is an adequate spacing and what happens 

when the spacing is excessive? To continue the investigation into the relation between 

detector characteristics and flame-electrode spacing, the detector shown in Figure 15 

was constructed. The burner jet consisted of a 7.6 cm long stainless steel capillary
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tube, with outer diameter = 0.089 cm and inner diameter = 0.051 cm, concentric 

with and enclosed by one of four brass tubes whose inner diameter was 0.6 cm and 

which directed the air flow from a standard Aerograph Model 1200 detector base to 

various heights above the flame. At an operating air flow rate of 61.3 om?/ sec 

the flame burned in a laminar flow gas stream. A spherical platinum collector 

electrode housed in Teflon was mounted on one of the brass tubes at distances of 

9.5, 22.2, 34.9, and 47.6 cm from the burner jet, depending on which of the four 

tubes was used. 

The objective of this experiment was to measure the changes in the height 

and width of chromatographic peaks as the flame-to-collector electrode distance was 

varied. The following theoretical analysis, which is limited to ions in a laminar flow 

gas stream, explains the relationships between GC peak characteristics and the ion 

loss mechanisms of diffusion and recombination. 

Recombination Theory 

Let z denote the distance downstream from the flame along the axis of the 

brass tube in Figure 15. Suppose the spatial average ion density at z= 0 (i.e., in 

the flame) is a Gaussian function of time. That is 

2 2 2 . 
no(t) = Ny exp c (t-t,)? / 26 ) (59) 

where Ng = ion density at z = 0 

t = time 

t. = retention time of GC peak 

o = standard deviation of Gaussian peak (i.e., the peak width at 60. % peak 

height) 

No maximum ion density, which occurs at t = be 

Assuming a laminar flow condition for gases inside the air conduit and neglecting radial 

diffusion for the time being, the ions that are produced in the flame will flow downstream 

through an imaginary pipe whose diameter is equal to that of the flame. If the flame
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diameter is small in comparison to the inner diameter of the air conduit, the linear 

velocity of the ions along the conduit axis will be twice the average linear gas velocity. 

The latter is 2 well known consequence of the parabolic velocity profile for gases in 

laminar flow through circular pipes. If we denote the velocity along the axis by z, the 

transit time required for ions to flow from the flame to the collector electrode is a/%, 

where z is the distance between the flame and the electrode. Assuming that the den- 

sities of positive and negative ions in the flame are both equal to ny, the rate at which 

the ion density above the flame changes with respect to the transit time, z/zZ,is given by 

dn/d (z/z) = - ano. * 60) 

where n is the density of ions at a height z when the linear gas velocity is z and a is the 

recombination coefficient. Integrating equation (60) with respect to z/z, we get 

n=n,/(1+any 2/2) (61) 

By hypothesis, ng is a Gaussian function of time. Combining equations (59) and (61), 

the ion density in the neighborhood of the collector electrode can be expressed as a 

function of t and z, 

No exP be it-t,)" / 2 « 2] | ‘aa) 

n (z,t') = : —— : 

ee No @ (u/2) exp [- (tty)? / 20” 
  

where t!=t4 2/z. 

Neglecting space charge effects, the collector current, [, will be proportional to the 

ion density, n. We can write, therefore 

A exp ( -x”) 

7 1+ B (z/z) exp (- 2) (63) 

where A is a constant proportional to N, 

B=Noa 

2 2 x= (t-tp)/2 ¢ 

A plot of I versus x represents the chromatogram that would be obtained with a detector 

whose collector electrode is z cm downstream from the flame and when the linear gas 

velocity along the axis of the air conduit is z cm/sec.



-28- 

One of the significant features of equation (63) is that it describes a 
chromatogram that becomes progressively less Gaussian-like as the value of Bz/z 
increases. This peak shape distortion arises from the fact that the rate of ion loss 
by recombination is proportional to the square of the ion density and hence is a non- 
linear effect. Consequently the dependence of B on No implies a detector response 
roll-off at high sample concentrations. To see this more clearly, consider equation 
(63) with x = o. 

A (64) Se arte aaa 
I 1+ Bz2z/z 

where we have introduced the subscript zero to denote the heignt of the chromato- 
graphic peak. A and B are both proportional to No- When No is sufficiently small 
we can write 

Bz/z <<1 
and ll a As Ne 

In other words, if we assume that the ion density in the flame is proportional to the 
partial pressure of hydrocarbon in the unburnt gases, then the detector depicted in 
Figure 15 should have a linear response to injected samples that are sufficiently small, 
Roll-off, on the other hand, begins when B z/Z approaches unity . 

Since chromatograms often contain many peaks, it is desirable to minimize 
the detector's contribution to peak width for optimum resolution. To calculate the 
width at half height we use equation (63) to solve for x when I = 1d tae 

A exp (- x") . A /3 
1 + B (2/2) exp ( -x,*) 1+Baz/z 

x, = ye + Bz/2) 

but x, = — (ty - t,) /V2 ¢ 

and the width at half height, w, is given by 

w=2l ty -t,|
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Therefore, 

w= 3 2 In (2+ B2z/2) (65) 

  

Note that as B z/z approaches zero, w approaches 2¢/2 In 2, which is the half 

width of the original Gaussian chromatogram described in equation (59). Con- 
versely, as B z/z approaches the order of unity, either because of an increase in 
B due to a high density of ions in the flame (B No) or because of an excessive ion 
transit time, z/z, the peak will become broader. 

Radial Diffusion Theory 

We began the section on ion recombination by neglecting radial diffusion, 
which enabled us to assume that the ions were bounded by an imaginary pipe whose 
diameter was equal to that of the flame. We now neglect recombination and consider 
the fact that the ions are free to diffuse radially as they travel upward from the flame 
in a laminar flow gas stream. In the case of ambipolar diffusion in an unbounded 
volume it can be shown that 

r? =r +4kt (66) 

where k is the diffusion coefficient and 47 is the mean squared width of the radial 
ion distribution t seconds after the ions are produced in a flame whose diameter is 
21>. As long as the ions do not diffuse too far from the air conduit axis, the ions 
will travel a distance of approximately z = z t downstream from the flame in the time 
that it takes for the mean squared width to grow to4r”. In this case equation (66) 
can be re-written as a function of z and Ze 

eo 4 8 : c<* rt 4k z/z (67) 

Note that the width of the ion density distribution z cm above the flame when the gas 
velocity is z is the same as the width at a height fz cm above the flame when the gas 
velocity is increased or reduced by a factor of f. 

In the case of the present experiment the ions are diffusing toward the inner
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surface of an air conduit that is electrically grounded and which represents an 

absorbing barrier. Furthermore, as the ions diffuse away from the flame axis, 

the linear velocity of the gas stream changes. For laminar flow through a cir- 

cular pipe the linear gas velocity is a function of the radial distance, r 

Z(t) = 2 Zo (1 - (/Ry)”), (68) 

where Se is the volume flow rate divided by the cross sectional area of the pipe 

whose inner radius is R,. In the following analysis we will compute the radial 

ion density distributions inside the air pipe for the case of a uniform linear gas 

velocity after which the effects of the parabolic velocity profile, equation (68) 

will be considered. 

To compute the radial ion density distributions we return to equation (22) 

of the Burke and Schumann analysis. Assuming that the ion density at z = 0 can 

be described approximately by: 

p=Np, OF £1 

p=0, f9cré Ro 

the other appropriate boundary conditions, valid for all values of z, are 

an/ gr=0, r=0, Ro 

and p=oatr=Ro 

The computer program described in Appendix I was used with the following 

input data 

z = 434 cm/sec 

Ry = 0.3 cm 

Yo= 0.0455 cm 

k= 0.035 oii” nec 

x = 434 cm/sec is the linear gas velocity along the axis of a 0.6 cm diameter pipe 

when the volume flow rate is 61.3 cm?/sec and rg is one-half the outer diameter of the
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capillary burner jet. In view of the fact that the capillary tube wall thickness was 
finite it was felt that the outer diameter was a more realistic approximation to the 
flame width than the inner diameter. k is the coefficient for the inter-diffusion of 
ions in air. The value, 0.035 em2/sec, is the average of the coefficients for positive 
and negative ions in air shown by Cobine (5) who quotes the work of J. J. Thomson 
and G. P. Thomson. The results of these computations are shown in Figure 16 
where we see radial distributions for the relative ion density, n/n, at various 
heights above the flame. As in the case of ambipolar diffusion without absorbing 
barriers, the values of z can be scaled for gas velocities other than 434 cm/sec. 
That is, if the gas velocity were reduced to 217 cm/sec the density distribution 
labeled z = 22.22 would pertain to a height, z = 11.11 em. 

The density distributions shown in Figure 16 can be used to calculate the 
fraction of flame ions that reaches the collector electrode, under the hypothesis 
that collision with the air conduit is the only mechanism for ion loss in an air 
stream whose linear velocity is uniform across the diameter of the air conduit. 
The total number of ions, 7 , in the volume element dV = 7 Re dz at a height z 
cm above the flame is given by a 

° 
Ai (z,t") = ng (t) dz JS rn (2) de 7 (69) 

where no(t) is the ion density in the we a function of time) and = Ng > Z) are the 
density distributions shown in Figure 16. Assuming that the os system 
collects all ions which reach the height z, a plot of 7 versus t represents the 
chromatogram that would be obtained with the detector shown in Figure 15 under 
the present hypotheses. The relative ion density at z = 0 is given by 

(v0) = 1,70-2r £Y%> 

No 

=0,To<rZéR, 

2 Therefore, the number of ions in the volume element 77R . dz at z= ois 

HN (0,1) = 09 (t) dz arg” - (70)
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To compute the fraction, F, of these ions which survive long enough to reach 

the collector electrode z cm above the flame, we divide equation (69) by equation 
(70) to get Ro 

F (z, Ro) = era) fx iy (r,z) dr (71) 

Evaluation of the integral in eet (71) is facilitated by finding an analytical ex- 
pression for n/ng. Anticipating, from the appearance of the curves in Figure 16, 
that the density distributions are practically Gaussian, the computed values for 

n/No at z = 47.62 cm were plotted versus (t/R,)? on semi-log graph paper as shown 
in Figure 17. The straight line Segment in Figure 17 can be described by 

a (t, 47.62)= 0.125 exp (-5.35 r2/R,2) (72) 
° 

for 0 4r£0.9R o. The boundary conditions in this analysis require that n/ng = o 
at r= Ro. However, if we substitute the expression in equation (72) for n/ng in the 
integrand of equation (71) and integrate from 0 to 0.9 Ro we get F = 1 to within slide 
rule accuracy. This means that the loss of ions due to diffusion to the inner surface 
of the air conduit at z = 47.62 cm is negligible. Since the ion deasity distributions 
in Figure 16 are more narrow for z < 47.62, the latter result implies that ion loss 
by diffusion is negligible for 0 4 z 4 47.62 cm. 

We now turn to the problem of the parabolic velocity profile and the bearing it 
has on the conclusions of the previous paragraph. Of the flame ions which reach the 
height z, a fraction F (z,4)/F (z,Ro) is distributed in the interval OZréz r,;, where 
r, is some radial distance less than Ro. For Gaussian density distributions, 

n/Ng = A exp (-B (r/Ro)” ), 
where A and B are constants such that F (z2,Rp) = 1, it can be shown (see Appendix II) — 
that 

F (2,13) / F (z,Ro) = F (2,9) = 1 -exp (-B()/R,)? ) (73) 
The average laminar flow velocity for particles whose radial coordinate falsin the
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interval 04 r <1}, is given by (see Appendix II) 

% (v4) = 2%, (1+ ( (ty 1/B ) exp ( -B (r,/R,)')- 1/B ) (74) 
1 - exp ( -B (r, /R, 7) 
  

The error incurred in the diffusion analysis, because of the parabolic velocity pro- file, is greatest for the broadest radial ion density distribution, That is, the density distribution at z = 47.62 cm represents the worst case. Inserting B = 5.35 and r/R, = 0.5 into equation (73), we find that 73.8% of all the ions at z = 47.62 lie in the interval O04 r £0.5 Ro. Equation (74) can be used to show that the average linear velocity for these ions is 90.2% of the linear gas velocity along the axis of the air 
conduit. Therefore, approximately 3/4 of all the ions at z = 47.62 cm have an average linear velocity that differs from the value used in the diffusion ‘analysie by only 10%. In view of the fact that the other density distributions are weighted more heavily at 
the z axis, the use of a uniform linear velocity equal to the gas velocity along axis 
of the air conduit appears to have been a good approximation in the diffusion analysis. 
Theoretical Conclusions 

The most significant difference between ion loss by recombination and the ion loss by collision with the air conduit is that the former produces both a reduction in peak height and an increase in peak width, while the latter merely results in an 
overall attenuation of the chromatogram. When recombination is the dominant mech- anism for ion loss, equations (64) and (65) describe the peak height and width re- 
spectively as functions of the transit time, z/z, and (implicitly) the maximum ion 
density in the flame, No- In the case of ion diffusion, however, we have the following Situation. For z £ 47.62 cm radial diffusion is confined to a distance less than 0.3 cm (i.e., the inner radius of the air conduit). If we assume that diffusion in the z 
direction causes the vertical distribution of ions to spread by as much as + 0.3 cm, 
we find that the width of a chromatogram obtained with the collector electrode at 
z= 47.62 cm should increase by @.6/z seconds over the width measured at z = Oo. 
In the present analysis z = 434 cm/sec so that 0.6/Z2= 1.4m sec. Since the widths
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of chromatographic peaks are of the order of 10 seconds or larger, 1.4 m sec. 
would produce an increase in peak width of 0.014% at most. This increase is not 

measurable with ordinary G.C. systems and can, therefore, be neglected in the 

present analysis. It has been shown that for z Z 47.62 cm the ion loss due to 

diffusion alone is negligible. Therefore, diffusion can account for neither a 
reduction in peak height nor a change in peak width in the present analysis. 

To genaralize the conclusions of this analysis to larger values of z (or 

smaller values of z) where ion loss to the air conduit becomes appreciable, con- 

sider equation (71) which describes the fraction of ions that reaches a height z. 

F (z, Ro) is not a function of the ion density in the flame, or, to put it another way, 

the relative ion density distributions in Figure 16 are independent of the absolute 
ion density in the flame. Therefore, equation (71) implies that when ion loss by 

diffusion is appreciable every point on the chromatogram is lowered by the same 

factor, namely F (Z,Ro). In other words, the effect is the same as would occur if 

the gain on the chart recorder were reduced. 

The effects of diffusion and recombination have been treated, so far, as in- 

dependent mechanisms. The rate at which ions are lost by recombination is pro- 

portional to the square of the ion density, as shown in equation (60). As ions diffuse 

away from the z axis, they distribute themselves over a larger volume, which results 

in a lowering of their density and hence a reduction in the rate at which ions are lost 

via recombination. On the other hand, the rate at which gaseous particles diffuse in 

any given direction is proportional to the negative density gradient in that direction. 

Since the ion density distributions in Figure 16 are maximum on the z axis, the ions 

diffuse away from the axis. However, the loss of ions by recombination is greater on 

the z axis than it is for r # 0. Therefore, the effect of recombination is to slow down 
the diffusion process (i.e., recombination tends to reduce the radial density gradient). 
Since the ion loss mechanisms of recombination and diffusion tend to slow each other 
down, the effects that either may have on chromatographic peak characteristics are 

weaker when both mechanisms act simultaneously than when each mechanism is
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considered separately. 

Experimental Investigation of Ion Losses 

A hydrocarbon sample consisting of 8.5 x 10°! gms hexadecane in 0.5 
microliter benzene was separated on a 5-ft. x 1/8-in, stainless steel column 
packed with 3% SE 30 on 60-80 mesh Aeropak W at eee The stainless steel 
ee jet (See Figure 15) gases consisted of 0.5 cm Ssep No carrier gas + 

0. : cm 3 seo Hg. The total gas flow through the brass air conduit was 61.3 
cm 7 sec, measured at ambient temperature and pressure. The gas flow was 
eae at the top of the air conduit while the flame was burning so that 61.3 
cm ey sec refers to the flow of air plus combustion products. 

According to Gaydon and Wolfhard (17) the flow of gas through a tube is 
laminar when the Reynolds number, R,, is less than 2300, where 

and where 2 Ro is the diameter of the tube, Ro is the average linear gas velocity 
through the tube and v is the kinematic viscosity of the fluid in the tube. For air at 
30°C we have 

Vv = viscosity/density 

=1.7x ane poise/1.165 x 107° gm em™? 
Since 2 Ry = 0.6 cm and Be = 217 cm/sec, the Reynolds number is 

R, = 900 < 2300 

Therefore, the flow of gases through the air conduit should have been laminar. 
Furthermore the air had to flow through 7.6 cm of conduit before reaching the 
flame at the end of the capillary burner. 7.6 cm provided almost 13 air tube 
diameters for the laminar flow condition to become fully developed. The air flow 
had to be reduced temporarily during the combustion of the relatively large benzene 
solvent peak in order to prevent the flame from "lifting off" in the swift air stream.
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Finally, the non-turbulent nature of the flame could be observed directly by 
looking down through the air conduit when the hexadecane eluted from the G.C. 
column. 

Figure 18 is a plot of reciprocal peak height versus the computed transit 
time necessary for ions to travel to the collector electrode whose height above the 
flame was varied by using air tubes of different lengths. The point at z/z = 3m sec 
corresponds to the chromatogram obtained with a standard F.I.D. whose collector 
electrode was a 0.6 cm diameter wire loop situated 1.9 cm above the top of an 
electrically insulated burner which was biased at -300 volts. The flame, therefore, 
was burning in an electric field of approximately 160 volts/com. Since the mobility 
of flame ions is roughly 1 or 2 cm/sec per volt/cm (3), (17), the ion velocity in this 
case was equal to the gas velocity plus the drift velocity (i.e., an additional 200 
cm/sec, or so). 

The linear relation between iy. I, and z/z that appears in Figure 18 is implicit 
in equation (64). From that equation we see that the intercept of the straight line in 
Figure 18 is equal to 1/A and the slope is equal to B/A. By definition B is equal to the 
product of the recombination coefficient, a, and the ion density in the flame, No, which 
corresponds to the hexadecane peak height (i.e., Nj is the ion density when the burning 
rate of C 19 i8 maximum). We get, therefore, 

B = slope/intercept = aNy (75) 

From our knowledge of Io» Z, and the flame diameter we can estimate the value of Nos 

lo= QNo) Wr,” & (76) 
where q is the chanee per ion so that q No is the charge density in coulombs per em? 
for ions of either sign. Solving for No, we get 

No = 1.5 x 109 ions/em® 

where we have used the intercept, 0.1x ees amp, in Figure 18 to obtain a value for



«37 

the peak height, I,, that would be measured at the surface of the flame and where 

we have used 

d= 1.6% 10 '” coulombs 

r_= 0.045 cm, the outer radius of the capillary burner o 
z= 434 cm/sec (gas velocity) + Mi 

200 cm/sec (drift velocity) 

634 cm/sec 

Using equation (75) and the data shown in Figure 18 we find 

B HH 130 sec =aNoy 

B/No = 0.87 x 107" in eas a 

This value for the ion recombination coefficient is consistent with the approximate 

range, 10! a € io. for flame ions, as stated in the text by Gaydon and Wolfhard 
(17). 

A linear relationship bet ween exp(w~/8 c * and the transit time z/z is implicit 

in equation (65). The latter equation implies 

exp(w~/8 ”) = 2+B (z2/z) (77) 

In Figure 19 we see that the experimental results substantiate equation (77). The 

value for « , the width of the chromatogram at 60.7% of its full height, was obtained 

from the chromatgram at z/z = 3m sec. Strictly speaking, o refers to the width of 

the chromatogram at z/z=0. The 3m sec error, however, is not significant, as can 

be seen by examining Figure 19. The slope of the line in Figure 19 yields a value of 

66 Pee for B, which is less than the value obtained from the peak height data by 

about a factor of 2. This discrepancy is within experimental error. For example, 

if we delete the data points at z/z = 22 and 51 m sec in Figure 18, the line which goes 
through the remaining three points yields a value of approximately 70 vec for B. 

Discussion of Experimental Results 

The results of this experiment are consistent with the conclusions arrived at
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in the theoretical analysis of ion loss by recombination and diffusion. The con- clusion that recombination is the dominant mechanism for ion loss for z < 47.62 cm in the present experiment is verified by the peak width data shown in Figure 19, An error in the value used for the diffusion coefficient in the theoretical analysis could have resulted in a false estimate of the number of ions lost at the inner surface of the air conduit. However, it was shown that diffusion could account for only a 1.4 m sec increase in the width of a chromatographic peak. In order for ion diffusion to account for an additional At in the peak width, the ions would have to diffuse an extra AzZz=+ z At/2 (i.e., A z would cause the vertical] ion distribution to arrive at the collector electrode 1/2 4 t seconds earlier and to lag behind the original distribution by 1/2 At). For At=1 sec and z, = 434 cm/sec we get Az=+217 cm. Equation (67) can be used to estimate the width of the vertical ion density distribution. 

  

ae A Zo" + 2k 2/z (78) 
where the factor 4 in the Second term on the right hand side of equation (67) has been changed to a 2 because we are now dealing with a one-dimensional problem (see references 35 and 3, page 140). Differentiating equation (78) with respect to k we get 

  

dA 2? =22/2 (79) dk 

  

The largest experimental value of z/z was 110 x 1073 sec., which was the transit time for ions to reach a height of 42.67 cm. The change in diffusion coefficient, dk, necessary to produce the additional + 217 cm spread in the vertical density distribution (i.e., to produce an additional 1 sec in the width of a chromatogram obtained at z = 42.67 cm) is 

dk = (217)? /2 x 110x107 = 3.3 x 10° cm2/sec 
Therefore, the data shown in Figure 19 must be due to the mechanism of ion recombina- tion, as the mechanism of diffusion could only have a measurable effect on the widths of chromatographic peaks if k were of the order of 10° (i.e., if the fractional error in the value of k used in the theoretical analysis were of the order of 10%), 

The conclusion that ion recombination is the dominant mechanism for ion loss
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in flame ionization detectors has interesting implications regarding detector 
theory and design principles. Let us assume, as the present results seem to 
substantiate, that equation (61) determines the F. I. D. 's response characteristics. 
If we assume that the detector current, I, is proportional to the ion density in the 
neighborhood of the collector electrode, n, and that the ion density in the flame, 
No, is proportional to the hydrocarbon combustion rate, m, then equation (61) can 
be written 

K m 
etc a z/%) m (80) 

where K and C are constants. Figure 20 shows response curves for four hypothetical 
detectors whose response, I, in amp is related to the combustion rate, m, according 
to equation (80). The curves were computed for the case K=5 x a” coulombs/gm 
and for four different values of the parameter B = C a z2/z (gm/sec) +, Note that for 
sufficiently small values of m, such that B m << 1, I is directly proportional to m. 
The exact point at which response curve roll-off commences is a matter of arbitrary 
definition. However, it is clear that, from a practical point of view, the linear range 
of detector operation is extended as the value of B decreases. Since the parameter B 
is proportional to z, the recombination theory from which the curves in Figure 20 were 
derived implies an extension of the linear range with decreasing flame to electrode 
spacing. This conclusion is consistent with the experimental results of McWilliam (22), 
Ongkiehong (23) a Desty, Geach and Goldup (24). The parameter B is inversely 
proportional to zZ, the velocity at which ions travel from the flame to the collector 
electrode. In a conventional detector z% is the sum of the gas velocity and the ion drift 
velocity. The latter is proportional to the electric field set up by the collector and bias 
electrodes. For a given electrode spacing, the electric field is proportional to the 
voltage drop, V, across the electrodes. We can write, therefore, 

BM i/z= 1/ (ag + KV) (81) 

where 2g is the linear gas velocity and k is a constant related to the inter-electrode 
spacing. Therefore, as the bias potential is increased, B become smaller with the 
result that the linear range of detector operation is extended to higher values of m.
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This conclusion is consistent with the experimental results of Dewar (25) and 
Kaiser (26). It appears, therefore, that the roll-off in the F.I.D. response 
curve and its dependence on electrode spacing and bias potential can be explained 
qualitatively, at least, by ion recombination theory. 

F.I,D. Response Roll-Off 

In order to test the conclusions of the previous section beyond the fact that 
they are qualitatively correct, F.I. D. response data in the roll-off or "overload" 
region of operation were needed. The published results of McWilliams (22), 
Ongkiehong (23), Desty (24), Dewar (25) and Kaiser (26) contain insufficient detail . 
for adequately testing the validity of equation (80). In general, the mechanism of 
ion recombination has been recognized as playing a role in response curve roll-off, 
Ongkiehong (23) in particular recognized the dependence of ion transit time on 
electrode spacing and bias potential and the relevance of transit time to response 
characteristics vis a vis the recombination equation. However, it appears that the 
only serious attempt that has been made to obtain enough data for precise analysis 
in the roll-off region is the work of Cohen, Parzen and Bailey (27). It is interesting 
to note that these authors attributed the overloading effect to a non-linearity in the 
ionization efficiency of the flame and not to losses by recombination. In other words, 
they concluded that the dr op in the ratio of coulombs collected by the electrodes per 
gram of hydrocarbon burned in the flame was due to a drop in the number of coulombs 
produced in the flame. This, of course, contradicts the assumption made in formu- 
lating equation (80) where K is a constant. 

The ionization efficiency interpretation of response curve roll-off cannot, 
by itself, explain the electrode spacing and voltage characteristics of F.I.D. operation. 
That is, if the detector's response drops off because there are fewer ions per gram of 
hydr--erbon available for collection, why does an increase in bias potential produce 
an increase in the quantity of charge collected? Ion multiplication by electron impact
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in a stronger electric field would produce an increase in detector current in the 

linear range of operation as well as in the roll-off region. This, however, is not 

the case. An increase in voltage yroduces an extension of the linear range in the 

manner indicated in Figure 20 as B goes from 2530 to 506, for example. 

An attempt was made to see if the published data of Cohen, Parzen and 

Bailey were consistent with the recombination model. The results of this effort 

were inconclusive. However, one of the difficulties encountered served to illustrate 

a more general problem that exists in the field of detector characteristics specification. 

The Cohen group measured, in effect, the total charge collected as a function of the 

total quantity of injected material. To use this data for testing the recombination 

model, both sides of equation (80) must be integrated with respect to time to obtain 

a relationship between the total collected charge and the total injected mass. The 

integration can be performed by assuming a suitable time dependence for m (eg. 

let fa be a Gaussian function of time). In general, the results of this integration 

will yield a relation between charge and mass that is different from the relation 

between the rate of charge collection, I, and the rate of mass combustion, m. 

While this difference is only appreciable for detector operation in the roll-off region 

of response, it does present a problem when one attempts to compare the response 

characteristics of commercially available detectors. 

F.1D. Calibration Experiment 

In view of the scarcity of published data in the overload region an experiment 

was performed with the detector shown in Figure 9. The objective of this experiment 

was to measure the instantancous detector current, I, as a function of known hydro- 

carbon combustion rates, m, in the overload region of response. An exponential 

dilution flask, similar to the one described by Lovelock (28), was used for generating 

.. . ombustion rate whose time dependence could be established accurately. The ex- 

ponential dilution flask (E.D.F.) is a glass mixing chamber. Normally, a gaseous 

sample of known quantity is injected into the chamber, by the use of a syringe, via a 

rubber septum in the inlet port. Carrier gas flowing through the inlet port transfers
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the sample into the chamber where it is mixed by a magnetic stirrer to produce 

an initial concentration that can be determined if the flask volume is known. The 

concentration of this sample in the carrier gas that flows out of the chamber through 

the outlet port can be shown (28) to be an exponentially decaying function of time. 

That is, 

P= Py exp (- Qt/V) (82) 

where p is the partial pressure of the sample in the carrier gas as it leaves the 

flask, po is the initial partial pressure of the sample in the flask, Q is the volume 

flow rate of carrier gas through the flask and V is the flask volume. By plumbing 

the E.D.F. directly into the base of the F.1.D. a continuous I versus m response 

curve chromatogram can be obtained. 

To satisfy the objectives of the present experiment the above procedure was 

attempted with P,) = 1 atm. That is, the flask was initially filled with butane which 

was then diluted with Ny carrier gas, after the E.D.F. was valved into the detector 

base. It was found, however, that with an air supply of 6.67 cm*/sec the detector 

flame could not be sustained. It was decided, therefore, to modify the dilution method 

so that the detector's response could be measured as the partial pressure of butane 

was increased from zero to whatever value caused the flame to go out. The outlet 

port of the E.D.F. was plumbed directly to the detector while the inlet port was 

connected to a switching valve. Initially pure Ny carrier gas flowed through the 

flask and into the detector where it was mixed with Hy and burned in an air supported 

diffusion flame. The valve was used to switch butane gas at a partial pressure of 1 

atm. into the flask. 

if Pr is the partial pressure of butane in the flask, then Vp¢ is the total quantity 

of butane in the flask in em* atm. The rate at which this quantity changes is equal to 

ti... ‘erence between the rate at which butane gas is admitted into the flask and the 

rate at which butane leaves the flask in the diluted mixture.
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d (Vp,)dt = Qp; ~ QPr 

dp,/dt = (Q/V) (1 - Pf) , (83) 

where we have made use of the fact that the flask volume, V, is a constant and 

the partial pressure of butane in the inlet port, pj, is 1 atm. Integrating both 

sides of equation (83) with respect to time, we get 

pf = 1 - exp (-Qt/V) (84) 

where we have made use of the fact that pp= o att =o. After measuring the gas 

flow rate and the flask volume, equation (84) can be used to transform a chromato- 

gram (viz. the detector's response to the E.D.F. effluent) into a calibration curve 

by using the observed time dependence of I and the computed time dependence of pr. 

In detector calibration analyses large numbers of data points are desirable. 

Measuring the detector's instantaneous response from a strip chart recording is 

tedious and yields data whose resolution is limited by the strip chart recorder's 

plotting speed. A more sophisticated method for acquiring data was, therefore, 

devised. The Varian Aerograph Model 480 Digital Integrator is normally used for 

measuring the area under a chromatographic peak. However, it is possible to 

trigger the integrator at regular intervals so that it prints out the integrated detector 

response that has been accumulated in the interval between some start time and the 

nth triggering. If At is the time interval between successive triggerings, the average 

detector current in the nth interval is given by 

lay = (nti - dn)/ At (85) 

where qn; is the integrated response at t = (n+ 1) At and q, is the integrated response 

att=nAt. By using the mean value theorem of calculus, it can be shown that I, is 

equal to the instantaneous current for some value of t in the interval (N+ 1) Atet<enAt. 

rhercfore, we can drop the subscript on I, , in equation (85) and treat I as the instantaneous 

current with the qualification that the integrator + triggering system has a time resolution 

of + At/2.
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Figure ap shows a schemati¢ drawing of the F. 1. D. calibration system. 

The triggering device cae of a motor driven aluminum disk with four ridges 

milled into it and a micro-switch. The arrangement was such that the micro- 

switch was closed by the ridges four times per revolution which) amounted to once 

every 1.137 seconds. The micro-switch was wired to the integrator so that a print 

command was initiated every time the circuit closed. A print frequency of 1 sec”! 

appeared to be the upper limit for the printer. 

The detector was operated with an air flow of 6.67 cm’ /sec and a hydrogen 

flow rate of 0.5 om*/sec. The Np flow rate through a 191.2 em? E.D.F. was 0.221 

cm/sec. About 700 data points were obtained as the partial pressure of butane in 

the E.D.F. effluent rose from zero to 0.6 atm in 15 minutes. Figure 22 shows the 

detector's response over this period, as plotted by a strip chart recorder which ran 

simultaneously with the integrator. 

Interpretation of Calibration Results 
  

The most interesting and unexpected outcome of this experiment was the fact 

that the chromatogram in Figure 22 has a maximum at a butane partial pressure of 

approximately 0.3 atm. This, of course, is not consistent with the recombination 

model which predicts that the chromatogram in Figure 22 should approach a limit 

asymptotically as pg approaches 1 atm. In view of the flame extinction problem that 

had been encountered in the first E.D.F. experiment and the obvious loss in ionization 

efficiency for pr = 0.3 atm. in Figure 22, the Cohen, Parzen and Bailey interpretation 

was given further consideration, 

A consideration of the mixing phenomenon in the E.D.F. and the internal 

geometry of the detector shown in Figure 9, suggests the following interpretation for 

F.I. D. response, the 'Og depletion theory": i 

Let the flow rates of unburnt Hg, No, air and fuel (hydrocarbon) be denoted by 

a, b, c, and f respectively. let F denote a normal hydrocarbon, CyH, (n+1) so that 

for stoichiometric combustion we have



fF (22-4) £0,» nf CO, + (n+ 1) f HO (86) 

If we denote air by A, the combustion of Hy and F (and No) in air can be written 

aH, +bN,+cAt£F (b+0.8c)N,+ [ a+ ensaye | H,O+nfCO,+ [ 0.20-(an1)t/2-a/2 | Og (87) 

where we have made use of the fact that air is approximately 20% Oy and 80% No; 

by volume, and where n is the number of carbon atoms in the normal hydrocarbon 

molecule. 

Unburnt air and combustion products flow out from the detector through a 

small hole in the detector tower lid (see Figure 9). The internal volume of this 

detector is approximately 16 em®, If we think of the F.1.D. enclosure as a mixing 

chamber, it seems reasonable to assume that the flame burns in a mixture of air 

a. combustion products. The sketch in Figure 23 illustrates the mixing effect 

of the gas flow pattern that probably exists inside the detector tower. The time 

constant for this 'mixing chamber" (i.e., detector volume/gas flow rate) is ap- 

proximately 2 seconds for the operating flow rates stated earlier. If we assume 

perfect mixing, the partial pressure of Og inside the detector can be calculated. 

Let p' 09 denote the ratio of the partial pressure of 0, to the total gas pressure 

(viz. 1 atm.) inside the detector. 

d (Vp! )/dt = 0.2c - Qp' - ((3n + 1) £/2 + a/2) (88) 
Va “2 

where va is the detector volume so that x E. is the quantity of O, present inside 

the detector in cm3 at 1 atm. The first oe a the right-hand side of equation (88) 

is the rate at which O, enters the detector in the air input. QP "oo is the rate at 

which Oy flows out through the exhaust port, where Q is the flow rate out of the 

detector and which, in general, is not equal to the total flow rate into the detector. 

The last two terms are the rates at which Oy is consumed by hydrocarbon and Hp in 

/«¢ ormation of H,O and CO,. If none of the terms on theright-hand side of equation 

(88) changes appreciably in a 2-second interval (i.e., the time constant for the detector) 

we can consider the "equilibrium" partial pressure of 05 whick: can be calculated by 

equating the left-hand side of equation (88) to zero. We get
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P'o, = 0.20 -((8n+1)f/2+a/ 2) (89) 

Q 
  

Let Py denote the ratio of the partial pressure of unburnt hydrocarbon in the jet 

gases to the total pressure (viz. 1 atm.) of the jet gases. 

pe = f/(atb+fy (90) 
Now, let us assume that the detector response is proportional to the product, 

Pe P, - This is not an unreasonable approximation, as Hoffmann and Evans (29) 

have reported a linear increase in chromatographic peak height with Op added to 

the Hg and column effluent and Sternberg (14) has observed increases in response 

with Og added to the air supply or to the Hg. Multiplication of equation (90) by 

equation (89) yields 

I~ kf -k, 1) /@k, + (n - 1) f) (91) 

where 

k= (0.2 ¢ - a/2) / a+ b+ f) (92) 

k= (8n+1)/2a+b+f) (93) 

ky =(a/2+c)+(b +f) (94) 

In the present experiment b + f is the total gas flow through the E.D.F. and is a 

constant. Therefore, ky, ky and k, are constants. 

Equation (91) has a maximum which occurs when 

  

f= -2ke/(n-1) 4 q(2k3/@-0))° 4 2k k3/(k(n-1)) (95) 

The operating conditions for (he experiment were: 

a= 0.5 one sec 

: iS -] 
b+f= 0.221 em. sec 

c = 6.67 cm? sec7} 

n= 4, for butane -
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We eget therefore - 

ky = 1.50 (a pure number) 

k, = 9.0 Scolein” 

k= 7.14 om’ /see 

The maximum detector current should, according to equation (95), occur at 

£= 0.0826 oan see. The corresponding partial pressure ratio is Pr = 11 6% 

as calculated in equation (90). The observed maximum (see Figure 22) occurred 

at approximately 30%. This discrepancy is small when one considers that the 

detector is not an ideal mixing chamber. 

Returning to equation (91) we note that 

2 kg = 14,28 em®/sec 

(n-1) f < 3x 0.221 = 0,663 

Therefore, (n-1)f/2 ky «0.047 so that equation (91) can be approximated by 

I~ G,f-G,f? (96) 

where G, = k,/ 2 ky and Gy = ky ne kg 

Calibration Data Analysis 

The data obtained from the electronic integrator print-out were analyzed by 

a least squares fit computer program for equation (96), after using equation (90) to 

convert f to pp. The curve in Figure 24 is a plot of 

2 
Aq/A t = 30839.1 pp - 43984.2 pe (97) 

where the detector signal, Aq / At, is in integrator counts per 1.137 sec and where 

the coefficients of pr and p” p are the result of the least squares fit. To convert 

Aq/ At from counts per second to amps the integrator was calibrated against a known 

current source to obtain a conversion factor of 1977.7 x 10? counts per coulomb. The 

gram molecular weight of butane is 58 gms. Therefore, the E.D.F. eftluent, whose
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flow rate is 0.221 em3/sec at 1 atm. carries butane into the flame at a mass rate 

that can be expressed as 

m = 58 pr (0.221/22.4 x 10°) (98) 

where the factor in parentheses is the flow rate of butane in moles per second per 

unit partial pressure (at N.T.P.). We get, therefore, 

m = 5.754 x 107+ pe ) 

Equation (97) can now be written 

-3 ’ 3 e 

I= 9.54x10  m (1-2.47x 10° m) (100) 

which fits the data to within + 5%, relative standard deviation. Note that form << 
1/2.47 x 1078 gm sec~! Lis directly proportional tom. The constant of proportion- 

ality, 9.54 x 1073 amp per gm sec! (i.e. coulombs per gm) is called the "response 

factor" and is a measure of the ionization efficiency of the flame and is analogous to 

the constant K in equation (80) of the recombination model. The roll-off parameter, 

2.47 x 10° sec/gm is analogous to the coefficient of m in the denominator of the right 

hand side of equation (80). That is, they both determine the value of m at which the 

detector's response deviates from perfect linearity by some prescribed amount 

(e.g. by 10%). Equation (100) therefore describes the ionization efficiency and the 

linearity characteristics of the F.I.D. whose basic design features are shown in 

Figure 9, 

Discussion of Calibration Data 

It should be emphasized that equation (100) is valid for detection of a continuous 

stream of butane and for a particular set of Hg, No and air flow rates. In a tabulation of 

F.1.D. (and thermal conductivity detector) response factors, Dietz (31) has shown that 

out of 109 hydrocarbons, consisting of normal paratins, branched parafins, cyclopen- 

canes, cyclohexanos, aromatics and unsaiusates all but two have the same coulomb per 

gram response factor to within a few percent. Therefore, if we can assume that the 

roll-off parameter is also the same for these hydrocarbons, it would appear, at first,
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that equation (100) is a valid description of the eeocia characteristics of the 

F,I, D. in Figure 9. However, the F.I.D. "mixing chamber" analysis implies 

that the detector's response is not only a function of the instantaneous combustion 

rate, m, but depends also on the detector's combustion history. It was shown that 

the volume enclosed by the detector tower and lid acts as a mixing chamber whose 

time constant is approximately 2 seconds for the gas flow rates used in the experi- 

ment. It can be shown, by applying equation (84) to the F.1.D., that it takes about 

2 seconds for the partial pressure of Oo to recover from the value determined by 

some fixed hydrocarbon combustion rate to 63% (i.e., 1/e ) of the value determined 

by Hy combustion alone. Therefore, the detector "remembers" the hydrocarbon com- 

bustion over a period of the order of 2 seconds. This implies that the response curve 

described in equation (100) and shown in Figure 24 is not the same curve that would 

be obtained by using discrete injections of butane into the carrier gas, whose com- 

plete combustion required less than 2 sec and whose injection frequency was greater 

than 2 sec. In other words, the characteristics described by the calibration curve 

will, in general, be determined by the method of calibration as well as the design of 

the detector. 

V. SUMMARY 

Gas ionization detectors must include the means for producing and collecting 

ions and/or free electrons in a flowing gas stream that contains the effluent from a 

chromatographic separation column. The detector must be designed so that the pro- 

duction or collection (or both) of charged particles is a function of some property of 

the gases whose detection is desired. The ECD responds in a non-linear way to 

changes in the gas stream's concentration of molecules whose ability to form stable 

negative ions reduces the number of free electrons available for collection. The 

F,1.D,. responds in a linear way to the combustion rate of hydrocarbons whose oxidation 

chemistry includes an ion producing reaction.
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The E.C.D. response consists of a loss in standing current. It is desirable, 

therefore, to maximize the standing current by preventing the back diffusion of at- 

mospheric Og through the detector's exhaust port. Oxygen can also cause the E.C.D. 

to respond to changes in carrier gas flow rate, an undesirable effect which detracts 

from the detector's usefulness as a concentration detector. Temperature control 

requirements for the E.C.D. are dictated primarily by the resistance-temperature 

characteristics of the inter-electrode insulator. At high temperatures, where the 

Ohm's law current through the glass becomes comparable in magnitude to the stand- 

ing current, small fluctuations in temperature can cause serious baseline drifting 

on a chromatogram. 

The F.I. D. response consists of an increase in current produced by the 

chemi-ionization of hydrocarbons in the flame. The overall performance of this 

detector is determined by the flame's ability to produce ions and the electrode 

system's ability to compete for ions in the presence of the loss mechanisms, re- 

combination and diffusion. 

Both the E.C.D. and the F.1I.D. can suffer from ''dead volume" effects. The 

mixing chamber effect in the E.C.D. can cause electron acceptor molecules to 

reside in the inter-electrode region for a longer period of time than is tolerable for 

good peak resolution. The mixing chamber effect in the F.I.D. causes the air supply 

to be diluted with combustion products with a resulting loss in the ionization efficiency 

of the flame. 

VI. CONCLUSIONS 

The ultimate test of merit for a gas chromatographic detector is its performance 

ina G.C. system. Calibration methods and response characteristics tests must, 

therefore, be designed with chromatographic requirements in mind. A distinction 

can be made between static and dynamic response characteristics. The former is
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concerned with the questions, what is the response of an E.C.D. to a fixed (in time) 

concentration of sample and what is the response of the F.I.D. to a constant hydro- 

carbon combustion rate? Dynamic characteristics, on the other hand, are deter- 

mined by a detector's ability to respond to rapid changes in concentration or mass 

rate. Response factors can be used for specifying static characteristics. Dynamic 

characteristics can be specified by detector time constants. 

The problems of measuring or calculating response factors are many. In the 

case of the E.C.D. response factors were not investigated in this thesis. However, 

it is possible that for electron attachment reactions that are shifted strongly to the 

right (See Equation (3)) the Beer's law interpretation may be valid, while for ions 

with smaller electr on affinities the Wentworth-Becker equilibrium theory may be more 

appropriate. In view of the E.C.D.'s sensitivity to O» and to carrier gas density, 

measurements of electron capture coefficients or response factors should be made 

under conditions of constant pressure and with O5 back diffusion eliminated. Further- 

more E.C.D. response factors can only be meaningful if the pressure and temperature 

of the detector are specified. Three body electron attachment reactions, as described 

by Pack and Phelps (32), are especially pressure sensitive and electron attachment 

reactions in general can be expected to depend on temperature. 

Flame ionization detector response factors can only be meaningful when the 

Hy, air and carrier gas flow rates are specified relative to a particular detector 

design. A change in burner jet diameter will produce, among other things, a change 

in flame gas velocity which, as we saw in the diffusion flame studies, will produce a 

change in flame height. * change in flame height means a re-positioning of the ion 

production sites relative to the collector electrode and, in view of the ion loss by 

recombination studies, an effect on the response characteristics of the detector can 

be anticipated. Therefore, a set of optimum gas flow parameters for one jet diameter 

will not, in general, be optimum for another. 

The measurement of F.1.D. response factors by the combustion of a continuous



stream of hydrocarbon vapor from an E.D.F. will yield meaningful but not 

necessarily useful results. The combustion of a particular hydrocarbon at a 

given rate for one second will not, in general, yield the same coulombs per 

gram response factor as the combustion of the same hydrocarbon at the same 

rate for an interval of one minute. That is, calibration data generated by using 

the E.D.F. method may be influenced by a degree of Oy depletion that does not 

exist when discrete syringe injections are detected. Furthermore, calibration 

data that is specified in terms of a "total charge collected versus total weight in- 

jected'' response curve may be of limited use for correlating instantaneous response 

to instantaneous combustion rate. 

Several examples of detector time constants were cited in this thesis. In the 

case of the E.C.D. the detector can be viewed as a mixing chamber. The relation 

between detector time constant and peak broadening (i.e., loss of resolution) has 

been analyzed by Sternberg (11). The hot collector electrode experiment provides 

another example of peak broadening due to a large time constant. While thermo- 

couple detectors do not fall in the category, "Ionization Detectors", the discussion 

of thermal effects did suggest the use of flame temperature as a means of G.C. 

detection. Primavesi (33) has, in fact, reported on the use of .a thermocouple 

detector. A computed relation between the temperatures of a hypothetical flame 

and a spherical mass of platinum was seen in Figure 13. Equations (53), (54) and 

(55) show that as the time constant 1/B is made smaller, by reducing the mass of 

platinum, the temperature of the sphere or a thermocouple with equivalent heat 

capacity can be made to follow the flame temperature more faithfully. 

The guestivn of optimum electrode spacing does not have a simple answer. 

The best electrode configuration for a given burner design and set of gas flow rates 

must be found empirically. We have seen some of the problems that can arise when 

the F.1.0. collector is too close to or too far from the flame. Simple systems, such 

as the laminar flow air pipe detector, enable one to analyze response data in terms of 

conceptually isolatable mechanisms. In the final analysis, however, more complicated 

configurations may be necessary for achieving a desired set of detector characteristics.
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Schematic representation of E.C.D. equivalent circuit.
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Computed relationship for diffusion flame k = coefficient of 

interdiffusion, z is the height of the flame, and z is the linear 

gas velocity. pr is the partial pressure of fuel in the unburnt 

jet gases and pg is the partial pressure of Og in the air supply. 

iis the molar ratio of O. » to fuel for stoichiometric combustion.
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Figure 14, Equivalent circuit for detector shown in Figure 11. 

E,, represents E.M.F. developed by "thermocouple". 

‘ _E., represents the effect of biasing the aluminum foil. 

R,, is the effective resistance of the gases between the 

burner jet and the collector electrode.
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Figure 15. Detector design for ion recombination and diffusion studies. 
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Figure 17. Computed relative ion density distribution 
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Figure 23. Mixing chamber clfect in Helo. 

Exhaust products are mixed into air supply.
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Reference (34) 

Equation (22) can be written 

p= (a/R) P- pi +24, PE (n,2) | 

where : I ’ ol 
JTCURy) J, (4a - 2 - 

E (A, 8) = a U[J.car.))* expe ku 2/e), (I-1) 

and where the summation is over all values of u that satisty J; (uR ) = 8 The 

n'b yoot of J 1 (x) is given approximately by 

{ 1 NSIGE2 | 0.018397 _ 9.245270 } (1-2) 

the summation in (-1), therefore, is over all values of u = Xy)/ Ro» eel 23s 

In general, Bessel functions of the first kind can be described by 

ae t fe 2k ( 
J, (*) = A) ji > Gy ey a , (I-3) 

fi hel lei (+k)! 

from which we get 

en’ cx) rata 
Jtavs tot 2 or (Ri)* (1-4) 

ad c 
J (xyz (X/2) fi . 2 Ri (it rk) (I-5) 

It appears, therefore, that the evaluation of (FH) requires the evaluation of three 

infinite series. We will now attempt to determine the number of terms necessary 

for a "reasonable" estimate of the values of these series. 

For x = any real number, § , there exists a positive integer, % , such that 

k> 4% implies that the terms in the summation of (f-4) are less than unity. That 

is, 

be 2 

Serer CRI Sore sey RX nak
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For sufficiently large k, say k 2 10, we can use Stirling's approximation for k! 
- : 7 

Rite he am k Oe 

(i-7)and (I-6) combine to give 

ar /CZkR+!) 
(3e/2) oh (1-8) A, aN A SLERSY 

(ar ) \/ C2R +1) 

However, for large k, we can write 

) 

with these approximations (I-8) becomes 

Te /2-4°h (I-9) 
Therefore, the terms in (I-4) are less than unity when k is greater than ¥ = xX€/z. 

Consider the ratio, R, of the absolute value of the kk + a term to the 

absolute value of the kt® term in (I-4), when k satisfies (I-9). 

  

(x/2)7*** (et z : eo 

fxa)*® [ Cite} Fe +i 

x12 ms ! > < 

R ¢ er : ae oe Fer RS Oo (I-10) 

According to (I-10), if k is large enough for the absolute value of the a term in 

(I-4) to be less than unity, then the ab solute value of the (k + 1)th term is less 

than or equal to 13.5% of the k™® term, If we can assume that k is large enough 

for the jth term to represent a 10% correction or less to the total summation, then 

the (k + Tes term represents approximately a 1% correction or smaller to the total] 

summation. The above analysis can be used to show that th> e+ gyth
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term represents a 13.5% correction or less to the (k + ne term, and so on. 

Therefore, the series, whose summation appears in (I-4) converges rapidly 

for terms smaller in absolute value than unity . 

For the purposes at hand, J o (%) will be evaluated by summing over 

14k Z INT (x@/2+-5), where the upper limit is the nearest integer to x@/2 +5. 

The same values of k will suffice for the evaluation of J, (x) also, since k! (1 xk)! 

in the denominator of (I-5) implies that J, (xX) converges faster than Jy (x). That is, 

KI (+k)! > [er]?. 

The program on page 84 computes E (r,z). At the flame front the partial 

pressure of fuel, p, is equal to zero. Using the computed values of E (r,z) and 

equation (22), we get 

ip. /p = R. /[a (re +”,)] “i, (I-11) 

where we have used the definition of P given in the text. Figure 10 is a plot of 

(I-11) for the case Rp = 0.2 cm., Ly = 0.019 cm. 

COMPUTER PROGRAM 

written in "basic" 

Notation: 

R= Ry 

lL = vi. 

D=k 

U = nt) root of Jy (x) 

A {N) = J, (uR,) 

B (N)=J, (ur) 

C (N,J) = Jo (ur) 

E@W,p)=E (r,2) 

x=r 

ee es



005 
O10 

020 

030 

O40 

O50 

060 

070 

O80 
090 

093 

Gs 
100 

110 

120 

123 

be 

130 

LD 

136 

136 

140 

160 

170 

180 

1390 

200 

iO 

ele 

ees 
21% 

220 

230 

APPENDIX I 

DIM AC12)5BC12),C0¢€125 10) 

AKAD NsLsDsVeX1ls V1 

FOK N= fo 10 

LET ULSN+e25-. 1519627 C4*N4+194+ 6-01 5999/7 C4KN419193 

LET Ue=.@A5277 C4eN+1) 95 

LET U=C€U1-U2)*3.1416 

Ee). Oo 1S6 

LEt. Se=0 

LET Fel 
LEY oP is) 

Beer sae t 

LET Zé=t 

FOr K=1 TO INTCU*e1.4+5) 

LET Fak xk 

LET FlesFlekCK+1) 

LET VilsABS(Z1) 

Le Viet 10)' G20) THEN. 138 

LET Zl=C-1) tK*C CUZ 2) tK/S FD t2 

LEP Sifsest+Zt 

LET V2@=ABSC22 

IF. Ve@<C€10)1¢-20) THEN. 170 

LEY Ze=Cel) tK/ CF*F1)*C oe SKUKL/ HK) t CORK) 

LET S2@=S2+Z2 

Fev: 1 meng 

Eee RCI) =O 

IF K=1 THEN 210 

GOTO 215 

Bat. 3 ClO 

Laer) 1 

LE Ler =aABS CHOI) 

Tk LC bh) <C10)'1¢=20) THEN 235 

UBT HCl = C= 19t KeC Ce S*KUSXCIS/SRIVEKSE YO. 

GELS tebe) CLG) 

Continued on Page 85 

Page 84



235 
240 

250 

260 

265 

270 

280 

290 

300 

310 

320 

330 

350 

Joe 

354 

so 

360 

370 

380 
450 

460 

470 

4785 
480 

490 

500 

505 

510 

520 

S30 

G00 

TOV 

APPENDIX I 

NEXT 1 

NEXT K 

LET ACN)=#1+5$1 

LET BCN)=65*(€ 1452) *UeL/ i 
LET Z=0 

FOd J=l TO Xl 

LET CONs D=l+TCJ) 

POR Pa) aro Y1 
Let YP Je. 1 *P 

EPO Ne1 THEN. 350 

Page 85 

LET ECJsP=BC1I#C CLs J) €i/ CUKACL) 12) KEXP C= DE CUS T2KY OP IZYD 
GO: 10.450 

CE G=BCN)*CONs J) KR CUKACN) 12) KEXP C=DECUSK) £2#Y CLV) 
LET ECUsPIHECUsP)+6 

CET WGJseP=ABSCGZECUsP)) 

TF WCJsP)<.e001 THEN 370 
GO 203-50 

LEL “Z2sZ+1 

IF ZsX1l*Y1l THEN 478 
NEXT P 

NEAT od 

NEXT ON 

PRINS N=tts NN 
FORK Q=1: TO X1 

POR Se] O's 
PRINT PREY SAGCUIS"YSO3 YOS) 3 bets Rea, 5) 
PRINT "ABSCDELTACE)/E)2"3 WCQ, 5) 
NEE cS 

PHINT 
NEXT 

DATA e2s 5019s 665s 73081510 
STOR
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To use program: 

Line No. 600 is a data input statement. From left to right the numbers 

refer to the air conduit radius, jet radius, coefficient of interdiffusion, linear 

gas velocity, the number of radial coordinates, and the number of vertical co~ 

ordinates for which E (r,z) is to be computed. For each value of N, the nth 

root of J l (x) is computed (statements 030, 040, 050). The Bessel functions 

Jo tur), Jy (uR,), and Jy (ur,) are computed by using the finite number of 

terms determined by statement 100. Each value of N corresponds to a term 

in the expression for E in (I-1). As many as ten terms will be used to compute 

E. However, if the oo term represents a 0.1% correction or less to the 

summation of the first Ne«i terms, and if it does so for all the radial and 

vertical coordinates simultaneous! y, then the evaluation of E is terminated 

(statements 265, 355, 370, 380). 

Print-Out: 

The two columns on the left of Page 87 are the results of the program on 

Page 84. N=8 indicates that the evaluation of E did not require the full ten 

terms allotted for (l-1). x = o means that we have computed E along the flame 

axis (i.e., r= 0). ABS (Delta (E) / E) is the absolute value of the correction 

to E that was made by the final (N=8) term,
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ae gee ey a ipp/P, | Rez , 
K= @ Y= ef EE eS AA007 : «Ga 

~ ARSONFLTACRIZF = 562578 5F-M5 Oe oer tee mn : 
et O Ye Fe eakA6se : Be 

ARSCDFILTACE)/E Y=. 12911 99F-85 hs ae 
Ke AOS 38 R= «P4584 2.59 2.67 

APSCDFLTACFI/E I= Se 7491 PR M6 
X= A Y= of e= e PP ARAG 3,8) 3,96 

ARSCDFLTACFI/ED= 1663962F-A6 © 
XK @ Ye eS ES -«1RO9A8 a 
ABSCDEL TACE)/F)= 465049 4E-A7 Rae, a 
XB A Y= 66 Fe 6153R6P 5.44 5.34 ee 

— ARSCDFLTACRI/F I= 1690953F-A7 
(Xe O Ys. 07 Fe e18?230R~ 6.4¥ 6.23 t 

ARSCDFLTACEI/E = 361 4013F-a8 
X= A Y= ef F= «11573 7.39 742. 

ARSCDEL TACE) ZF = ReABLIPF<“A9 | 
Me @ Y= 29 F= 21) M@?P4AP R.35 #.0| 

ARSCDFLTACEI/E = eM 41 6RF=A09 
Xs @ Y= Ye R= 9.195R9R-a0 9.37... |e9o yb 

  

> ABSCDELTACEIZE I= $.11520F- 10 

For the case of ion diffusion we have a single species (no distinction was made 

between positive and negative ions) diffusing radially in a gas that is inert as far 

as charge neutralization is concerned (recombination was treated as an independent 

mechanism). Therefore, we can replace ps and p with ny and n, the ion densities 

in and above the flame respectively. Since there is no "chemical" reaction with 

the gas into which the ions are diffusing, the appropriate value for py is zero. 

Equation (22) can now be written as 

a a 

m= (a/R) m + 2aem, ESR, (I-12) 

milage (aed RY fit ze/a$ | (I-13) 

where (I-13) is an expression for the relative ion density as a function of the 

computer evaluated quantity, E. On Page 88 we see the modifications that



were made to the program on Page 84 in order to perform the ion diffusion 

APPENDIX I 

analysts The results of this analysis are shown below, 

BAR DATA op MASS cORSe ANAS 1 Oy A 
TRA LET KCTISeCT-yoeprya 

BPO LET YCPI=06S24¢P=1 41267 
RUN 

Chie 
ues. 1. Vs 94.58 Fe «A6) OMG 

ARPS CAEL TACE) 7FO= 161 666RE-O7 
X= 8 Ys. 97.90 F= «P9524 

ARSCDEL TACK) /E)= Te} 5P7RE-10 
X= A Y= 34.99 Fz 614999} 
ABSCDELTACEY/E)= Re75SPAbF 14 

Xe @ Y= A726 Fe 0191949 
ARSCDELTA CE) /E = SePRRE6OF-17 

Me eM2 Ye 965P Fe «87159) 
ARSCDFL TACEI/F = 

UNH. 6B2. Ys Pewee 
ARSODFL TA CEI /F )= 
‘%e 2.09 Y= 44.99 
ARSCDFL TACK) /F = 
Mecapq ¢ ys. ayes 
ARSCDFLTACFEI/F = 

1+322596F-aR 
Es © 199ORTA 

1.199A7F=11 
Fe «2,635 

Ve TRO6AFH-15 
F= 9.52A77E-a9 

Se S6A7TSE=+18 

Xe 006 Y= 9.59 F= oI R7566 
ARSCDFL TACEIZE d= 

Kz 0 AM6 Ys POLoD 

ARSCDELTACE) ZF )= 
Xz ae MG Yo 24.9) 

ARSCDEL TACHI /F = 
Ke eAG. Y= 47-69 

ARSCDFLTACE)ZE = 

‘Xs 2O9 Ye 9.50 F&F 
ARSCNFL TACK) /E = 

Xe 26 AG Ys POLO 

ARSCDEL TACKI/SF = 
Xz 4 AQ Ye NALeQO 

ARSCDELTACEIZF = 

X= 249 Y= A7*e 6? 

ARS CDEL TACK) /E I= 

2. 25909F-aR 
F= .{aRa19 

O.OAM1AF-41 
Fs 0101238 

1+44655F—1 4 
F= Te 74PR 4F-aP 

961 APB R= 18 

‘2 40795216 -00 
Pe AB Y ASK <7 

F2 TeASILIBF $A 

Rel AAV SR 4} 

Fe fe 2RAAQD ARK AP 

4e 371 A9R@ 1A 

Fe Se RARAAF HAD 

O.SASbL4F<17 

X= 019 Y= 945P Fee Re AASARE~A2B 

ARSCDEL TACE) SF )= 

Re ele. Wyss DGB. oo 

ARSCDFEL TACEI/F)= 

X= «© }P YR R490 

ARSCDFLTACRI/F)= 

X= 0fP Y=. ATe 6P 

TeFAARBF M6 
F= .,M4262F-ap. 

AeAROTIFHA10 
Fe D.R964PF-M9 

Fe PeGQJATAF-AP 

Page 88 B
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(X= 15 Y= 9.59 Fa-2.7267F=09 
~ARSCDFELTACPI/FE I= 
Ke et S Ys P2eep 
ARSCDELTACEI/F = 
M2015 Ye 24699 
~ARSCODFLTACFO/E = 
X= e615 Y= 47-62 
ARSCDFL TACK) /F)= 

Se OTR APR KAT 

Fa- fe Af POP PF ARAR 

TePTSTIEA3A 

Fo AeAQR KOKA 

Re RL RAARQKHYR 

Fe +9 ARG A4F-AR 

Le B75 S916 

ME-e1R Ye 9659 Re- Oe 97ARTE-M2 

ARSCDELTACFI/F)= 
X= 218 Y= 99.99 
ARSCDFLTACF I/F )= 

Meet Y= AAs oF 

APSCDFIL TACK) /F = 
Xe ee Va £76 48 

ARECNFLTACE)/F = 

PAaTAATREAAT, 

Re- 01797) 

Pe67 7 ACES 1 

Fa-}.A77RAF-02 - 
PeRAORTK- 12 

Fire Se 4, 7 ARP «AR 

J ePORIMF-46 

KS 0P1 Y= 9652 Fe-9.97190F-99 
ARSCDFLTACEI/F)= 
XS .2) Ye 99.09 
ARSCDELTACFI/F)= 
XS: 081 Ye 24.99 
ARSCDELTACFI/E )= 
K2 221 Y=. 47.89 
ARSCDFLTACFI/F)= 

401) A5°R=a8 
Fe=.APp Ars 

O.AR629F=11 
F2-}eRI371F-02 | 

ToePOMAROF-jA 

Fre]. A4PAALR <a 
Te IIOARK~$1R 

X= 0P4 Y= 9-652 Fe-9.97195F<a0 
ABSCDELTACFI/SF)= 

X= oP A Y= 2P.PP 

ARSCDELTACEI/F d= 

Xe «P44 Y= 24.99 

ARSCDELTACFI/E = 

X= 0P4 Y= A762 
ARSCDELTACE I/F = 

1eTAOFARHAT 
Fre Oe. 95392F-00 

Re ARVAOK-14 
Fe=O.7P1LALR<ae 

Ae30 ARYL RP 1A 

Fo= 1 e89687F=-a2 
DeAQRSMARHA17 

X= 027. Ye 9.59 Fe-9.°7924F <9 
ARSCDEL TACK) /E D2 

Me PT Y= PPePno 

ARSCDEL TACK) /F Js 

Xz 2 PT Yr 24.99 

ARSCDEL TACEI/E 

X= eP7T Y= 4746? 

ARSCDFELTACEI/E ds 

161 6605F-07 
Fe- PoP 7177 EAP 

Se FAR AQK$1} 
Fr-.09RKAF-M2 

Oe 7TTOSAF-14 
Fe~-PeJA9T4E-aP 

1e41748F 17 

Page 89
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The data necessary for plotting figures 16 and 17 can now be computed. Below 

‘are the results for z = 47.62 em. 

> E . n/N r/R * (r/R) 

0 1.019x 107! 1.96%10- 0 0 
0.03 9.531 x10 - 1.19x 107! 0.1 0.01 

0.06 7.743 x 10°" 101x107! 0.2 0.04 
0.09 5.343 x 1072 7.70 x 107" 0.3 7. 8 

$16 aS eS 10S + Vee il 0.4 0.16 
0.15 8.949x 10° 3.21x107 0.5 0.25 
O16 <5 Mii xiao” 1.76 x 1072 0.6 0.36 

0.21 -1,424x107 8.66 x 10° 0.7 0.49 
0.24 -1,897 x10" 3.90x 10° 0.8 0.64 
0.27 -2.110% 10°" 1.70 x 107° 0.9 0.81 
0.30 0 1.0 1.6
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nt) is the ion density in the flame in om”? and is a function of time, t. 

n (z,r) is the relative ion density z cm above the flame and is a function of the 
No 

radial coordinate, r, but is not a function of t. 

2mrdrdz is a differential volume element in cylindrical coordinates. 

Therefore 

mt) Bee, nl ern fe 
ma, 

is the total number of ions in volume which lies between z and z + dz and 

between r and r+ dr. 

The total number of particles between z and z + dz is given by 

Reo 

mierda [2 (2,2) Naly = am, (t) TAS Az ; for ¢@= © 

i o = 

The fraction of flame ions which reach height » is given by: 

Re 

mM 

m, C4) ee As 

m (+) Ne of Z 
  

L fot z. © 242.62 cm (See text) 

The number in z toz + dzand 0 ré rj is 
‘ a, 

N= “, (4)ar ae | 2 (2, r) nk 

The fraction in ztoz+dzand0fré< r, is 
Ay 

r= ai a, (BA) A ob (II 1) 

N= a, (4) 217 A, of2 F 

Letn (z,r)= A exp|-B (o/R.J | (iI 2) 
n oO 

where A and B are functions of
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F= (2/2) Aexpl-B (2/3) 2 ol (I 3) 

3 4 a { \- exp|-8(7/R.) | (iI 4) 

For F=1andB (r,/Ro)” Sh 4 

We get A/B = (r/R,)” (5) 

Combining(I-4) and (IF5) we get equation (73) 

AVERAGE VELOCITY IN LAMINAR FLOW 

Linear velocity as function of radius is given by 

B(n)= 2%, C1-(2/R.) ) Equation (68) 

Let 2(1,) = average velocity of particles in Of%744, AMD #2 te #+ ofz 

fut (2,7) am a|z2, (1- (1/7R. y)] of 2 oly 
      EA) Se 16 

TAS m, (4) ole ae 

For Gaussian distribution in (Il 2) we get 

BA) = wa, (1- (a/R) )expl- B(2/R,) | ob dt #) 

= 2%, farny fa exp[-8 (a/R) | An + 

~(2Aa/r fz ex p|- Fecr/ay] nf ais) 

me safe-tlalpamtofrisnrsl-} 
Where F is given in (I 4)
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When (fI-5) is valid we can write: 

  2(A,)=22, fi [(nses+ 78] exp]-8 (1 /e-) | - 1/8 
: ° 

it~ e x p[- Bin, /R.Y'] 

Equation (74)


