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Abstract--The fast-response flame ionization detector has become a widely used instrument for time-resolved 
hydrocarbon measurements in internal combustion engines. The characteristics of and working experience with 
the instrument are reviewed. In particular, the sampling system and its performance for isolating the pressure 
pulsation in in-cylinder and in engine exhaust measurements are described. Results from different applications 
are given to illustrate the utilities of the instrument. © 1998 Elsevier Science Ltd. All rights reserved. 
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I. INTRODUCTION 

The fast-response flame ionization detector (FFID) 
was developed in response to the demand for time- 
resolved hydrocarbon (HC) measurements in internal 

*Corresponding author: 31-165, MIT, Cambridge, 
MA 02139, U.S.A. 

combustion engine research. This demand is motivated 
by the emissions regulations that require substantial 
reduction in passenger ears HC emissions; for example, 
by the US Federal Tier I and Tier II Standards and by 
the California Air Resources Board series of Low 
Emissions Vehicles standards (from Transition Low 
Emissions to Ultra Low Emissions))  To achieve low 
HC emissions, fundamental understanding of the HC 
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emission mechanisms is needed. The FFID facilitates 
this understanding by providing two types of informa- 
tion: crank angle-resolved data within one engine cycle 
to elucidate the detailed HC mechanisms in the engine 
process, and cycle-resolved data which connect the 
emissions to the overall engine operation. Examples of 
the latter are the assessment of the mixture preparation 
process in which the current cycle event is influenced by 
the events of the previous cycles, and the evaluation of 
catalyst performance in warm-up and in acceleration/ 
deceleration transients. 

Over the past decade, the FFID has matured from a 
laboratory research item to a standard instrument for 
engine research and development. It was developed from 
a conventional flame ionization detector; the major 
innovation was the creation of a sampling system which 
isolates the pressure fluctuation at the sampling point so 
that there is a constant mass flow of the sampled gas into 
the detector. With appropriate sizing of the flow 
components, a response time of the order of a 
millisecond can be achieved. This response is in contrast 
to the conventional device which typically has a 
response time of the order of a second. 

In this review, the principle and properties of the basic 
flame ionization detector are summarized first. Then the 
sampling system which is crucial to the FFID and its 
performance are described. Finally practical working 
experience with the instrument and application examples 
are given. The purpose of this review is to give a tutorial 
on the FFID so that users can obtain a comprehensive 
understanding of the instrument and assess its 
performance and limitations.* 

2. THE FLAME IONIZATION DETECTOR 

The flame ionization detector (FID) has been widely 
used for detecting hydrocarbons since the early 1960s. 
An excellent review of the behavior of the detector can 
be found in Ref. 2. In the following, the pertinent 
properties of the detector are briefly reviewed in 
connection to the FFID. 

2.1. Detector Characteristics: Linearity, Dynamic 
Range, Response Time 

The first successful quantitative flame ionization 
detector was built by McWilliam and Dewar 3 for 
measuring the eluted hydrocarbons in gas 
chromatography. (The FID is still the predominant 
detector for gas chromatography.) The basic design 
(Fig. 1 (a)) has not changed over the years (although the 

* It should be noted that this article is virtually entirely con- 
cerned with the FFID instrument manufactured by Cambustion 
Ltd. Other instruments are available with nearly comparable 
reponse times. However, the overwhelming majority of the 
work done to date with FFID has used this instrOment, and 
many of the application issues are common to all fast systems 
based around the sampling principle. 

McWilliam and Dewar detector used two FIDs in a 
differential arrangement). A diffusion flame is 
established with hydrogen (sometimes diluted with 
helium or nitrogen) as the fuel in a slow co-flowing air 
stream. Typical burner 2 ID is - 0 . 5  mm with a fuel flow 
velocity of - 1 0 m s  -l  and an air flow velocity of 
0.05 m s -t, the flow is laminar (the jet Reynolds number 
is below 50- - the  value depends on the operating 
pressure). There is negligible ionization in the flame 
until hydrocarbon species are introduced. The flame ions 
are collected by an electrode negatively biased at 150- 
200 volts with respect to the burner and located at - 1 cm 
above the burner. 

The ion pair production process is complex. It is 
generally accepted 2'4-6 that thermal ionization is 
negligible in such flames and the charge production is 
a chemi-ionization process involving reactions such as 

C H + O ~  CHO + + e -  (1) 

The overall reaction is approximately thermally neutral. 5 

The yield is ~2.5 × 10 -6 ion/electron pairs per aliphatic 

carbon atom, or 0.245coulombs/g-atomC. 2'7 (The 

response to various hydrocarbon molecules will be 

discussed in the next section.) The positive ions change 
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Fig. 1. (a) A typical flame ionization detector; (b) linearity of 
FID output using propane as the test hydrocarbon. 2 The 

deviation from Eq. (4) is within __. 1.5%. 
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identity constantly, particularly by proton transfer, and 

the process creates a complex ion spectrum. The 

recombination is dominated through the hydronium 

ion, H3 O+ which results from charge transfer processes 
made favorable by the large amount of water vapor 

present: 

CHO + + H 2 0 - ' * H 3  O+ + C O  (2) 

H3 O+ -k-e- ---, 2H + O H  (3) 

If all the charges are collected by the electrode, then for a 

hydrocarbon with molecular formula CnHm, the current 

collected by the electrode, i(A), is given by: 

i = r[CnH,,]Q (4) 

where [C,H,,,] is the molar concentration (mol cm3-~), 

and Q is the sample volume flow rate (cm 3 s -1) through 

the detector. For aliphatic hydrocarbons, the response 

function, r, is proportional to n, the number of carbon 

atoms in the molecule: 

r = tun (5) 

The proportional constant is ot = 0.245 coulombs/ 

g-atom C. 
The linearity of the instrument to the HC mole 

concentration given by Eq. (4) depends on the assump- 
tion that all (or a fixed fraction) of the charge is captured 
by the electrode. In reality the charge collection process 
is in competition with the recombination process. Charge 
collection is incomplete at high fuel jet velocities at 
which charges are blown out of the high electric field 
region, or at high charge density when the electric field 
cannot effectively penetrate the space between the 
electrodes and the charge collection process is impeded. 

Another possible cause of non-linearity is charge 
multiplication if the electric field is too high. For typical 
collector geometry with sharp edges avoided, there is 
negligible electron multiplication when the bias voltage 
is under 200 V. 

Good linearity over an extensive range can be 
achieved with a properly designed FID. For example, 
the data in Fig. l(b) for propane have a scatter within 
-+ 1.5% over four decades. The noise current in a clean 

hydrogen flame is predominantly due to the shot noise 
associated with background ionization. For the particular 
detector 2 used in generating the data in Fig. l(b), the 
noise current is -10-14 A xHz-l. Using this figure, the 
lower limit of detection (at twice the noise level and at 
1 kHz bandwidth) would be at - 6  × 10 -13 A. Using the 
highest point of Fig. 1 (at - 16 .uA) as the upper limit, the 
dynamic range of the detector is of the order of 1 0  7 . 

Further linearity tests with different compounds as the 
test gas are listed in Ref. 2. Of course linearity suffers if 
the sample flow becomes a significant proportion of the 
fuel f low--a  maximum sample flow rate of --3% of the 
fuel flow was suggested in that reference. 

The response time of the FID to a HC sample depends 
on the following processes: 

1. diffusion during the flow time of the HC to the 
reaction zone of the flame; 

2. kinetics of the cracking of HC into fragments of 
reactive species such as CH, CH2 etc.; 

3. kinetics of the chemi-ionization process such as 
Eq. (1); 

4. charge transport time; 
5. charge amplifier bandwidth, which may be 

suppressed to reduce noise. 
Added to the above is the sampling system transport 

time, which will be discussed in a later section. For most 
applications, (5) is not a limiting factor. Rate estimates 
for processes (2), 7 (3) 8 and (4) 6 can be made, though the 
chemistry is very fast. The precise values, however, 
depend much on the operating conditions: HC concen- 
tration, pressure, temperature, details of the mixing rate 
of the diffusion flame, geometry of the electric field, etc. 
In practice, the response time of a well designed FID 
(excluding the sampling system) is well below 1 ms. 

2.2. Response to Different Compounds 

The response of the FID to different compounds was 
researched extensively. 2'9 ~ The response functions, r, 
defined in Eq. (4) and normalized by defining the value 
for n-heptane --- 7, for alkanes, cyclo-alkanes, alkenes, 
alkynes and aromatics are shown in Fig. 2. The 
remarkable proportionality of the response to the 
number of C atoms in each molecule in these families 
of compounds (with the exception of acetylene, which 
has a response of --30% higher), and the linearity of 
the instrument (see Fig. 1 ) lead to the general conception 
that the FID is a carbon counting device for 
hydrocarbons. 

The response function for other carbon containing 
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Fig. 2. Relative FID response of alkanes, cyclo-alkanes, alkenes, 
alkynes, and aromatics (response of n-heptane ----= 7). Data listed 

2 9 1 0  in Appendix A. ' ' Dashed line represents y values = x values. 

/ 
/ 



92 W.K. Cheng et aL 

compounds are different. It is well known that the FID 
does not respond to carbonyl carbons. For example, CO2 
and CO produce negligible ionization. The carbonyl 
carbons in aldehydes, ketones and esters behave 
similarly (Fig. 3). A proposed explanation 2 is that it is 
' the exothermic reactions associated with the formation 
of the carbon-oxygen bond from reduced forms of 
carbon that provide the high energy states which may 
lead to ionization. Where a carbon is already oxidized in 
the starting sample, an oxidized carbon fragment is split 
out in the endothermic cracking stage of the reactions, 
and this oxidized carbon fragment is incapable of 
producing ionization in the flame.' The data on ether 
(Fig. 3) further support this explanation, since the bond 
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Fig. 3. Relative FID response of esters, aldehydes and ketones, 
and ethers (response of n-heptane --= 7). Data listed in 
Appendix A. 2'9 Dashed line represents y values = x values - I. 
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Fig. 4. Relative FID response of alcohols (response of n-heptane 
--- 7). Data listed in Appendix A. 2'° Dashed line represents y 

values = x values - 1/2. 

rupture process tends to leave the O in the ether in one of 
the C atoms. 

For alcohols, the C bonded to O in the R - O - H  group 
(R stands for an alkyl) contributes to a FID response of a 
fraction of a C atom (Fig. 4). The fractional contribution 
may be attributed to whether the bond rupture process is 
dehydrogenation (removal of H) or dehydration 
(removal of OH); the former would not contribute to 
the production of ions. The difference in response 
between the primary, secondary and tertiary alcohols 
supports this explanation: the secondary alcohols, which 
are most easily dehydrogenated into carbonyl com- 
pounds show the lowest response. The tertiary alcohols, 
which are most easily dehydrated, show the highest 
response. The primary alcohols are in between. 

The contributions to the FID response effective carbon 
number for the various bonds are summarized in Table 1. 

2.3. Oxygen Interference 

When the sample flow contains oxygen, there are 
changes in the flame temperature, in the geometry of the 
flame, in the geometry of the ion generation region, and 
in the competition between formation of flame ions and 
oxidation of the hydrocarbon fragments. As a result, the 
FID signal is sensitive to the sample flow oxygen 
content, which usually leads to a decrease of the response 
function. (This effect is often termed oxygen synergism.) 

The oxygen interference on the FID signal 2A2 depends 
on the details of the FID design and operating conditions: 
the operating pressure; the fuel flow rate; the amount of 
diluent in the fuel (hydrogen) flow. Typical examples are 
shown in Figs 5 and 6. The errors introduced because of 
oxygen synergism are significantly reduced by the use of 
a fuel gas consisting of a helium/hydrogen mixture 
(typically 60/40 mix), and this is almost universally used 
in the traditional 'slow' instruments. The operating range 
of the FFID, however, can be enhanced significantly by 
the use of pure hydrogen as the fuel gas. 

In automotive applications, there is a substantial 
difference in the oxygen content of the burned and 
unburned gas. In practice, the FID is a calibrated 

Table 1. Effective carbon number contribution to FID response 2 

Atom Bonding type Effective 
contribution to 
C No. 

C Aliphbatic 1.0 
C Aromatic 1.0 
C Olefinic 0.95 
C Carbonyl 0.0 
C Nitrile 0.3 
O Ether - 1.0 
O Primary alcohol -0.6 
O Secondary alcohol -0.75 
O Tertiary alcohol -0.25 
CI Two or more single -0.12 each 

aliphatic C 
CI On olefinic C +0.05 
N In amines Similar to O in 

corresponding alcohols 
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flame-ionization analyzer; airflow rate: 175 ml min-~; fuel: 
hydrogen, fuel flow rate 6-38 ml min-I; sample: 100, 303 and 
1010 ppm n-hexane in nitrogen diluted with various amounts of 

oxygen; sample flow rate 3 ml min-~.) 

instrument, and the span gas used for calibration thus 
depends on the application. For burned gas measure- 
ment, the span gas used is typically a propane/nitrogen 
mixture of  known composition. For unburned gas 
measurement, the span gas used is typically a propane/ 
air mixture. Although the ratio of oxygen to nitrogen in 
air may not match that of the oxygen to inert (nitrogen 

plus the residual gas, which is often present) in the 
unburned gas, the difference is usually overlooked 
because the proportion of residual gas in the unburned 
mixture is often not known. For measurements involving 
a mixture of burned and unburned gases, there could be 
substantial uncertainty because an educated guess (or an 
independent measurement) must be made of the oxygen 
concentration, and the instrument needs to be calibrated 
at different sample gas oxygen levels. 

3. THE FAST-RESPONSE FLAME IONIZATION DETECTOR 

3.1. Origins 

The first fast-response flame ionization detector 
(FFID) was described in a article by FackrellJ 3 who 
modified a standard FID in order to study rapid 
concentration fluctuations (using methane or propane 
as tracer) in a (essentially constant pressure) wind tunnel 
experiment. Automotive applications such as measure- 
ments of the HC in the exhaust ]4 and in-cylinder ]5 were 
first done at Cambridge University in the late 1980s. A 
commercial instrument, based on the Cambridge work 
appeared in production in 1990. The instrument has since 
been used in a wide range of automotive applications. 

3.2. Development for Automotive Use 

Crucial to the automotive use of the FFID is its 
sampling system. Unlike the traditional 'quasi-steady' 
FID design in which the sample flow is premixed with 
the fuel, the sample is drawn directly into the flame 
without mixing with the fuel so as to minimize mixing 
processes deleterious to good frequency response, and to 
minimize the sample transit time. An important con- 
sideration is that the signal from the FID is proportional 
to both the HC concentration and the sample flow rate 
(see Eq. (4)). Therefore for meaningful interpretation of 
the signal in terms of HC concentration, a constant 
sample flow rate is required. In most automotive 
applications, however, the sample inlet is exposed to a 
fluctuating pressure; for example when sampling from 
the exhaust or from the cylinder of an SI engine. In the 
former, pressures may fluctuate by significant fractions 
of a bar, in the latter, from 0.5 bar to over 50 bar. If a 
sampling tube were to be connected directly to FID, the 
sample flow rate would have varied significantly. 
Therefore an effective pressure isolation system is 
essential to the successful operation of the FFID. 

In the following, the operating principle of the 
sampling system is first described. The system behavior 
in terms of the transit time and the sample dispersion 
which determines the frequency response of the 
instrument are then discussed. 

3.3. Operating Principle of the Sampling System 

A method to provide a constant mass flow to the FID is 
the use of a constant pressure chamber between the 
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VACUUM 

BLEED TYPICAL DIMENSIONS (ram) 
FLOW Length Diameter 

(A)Transfer tube 100 0.2 
(B)Settling tube 25 0.8 
(C)Connecting tube 30 0.15 
(D)Ballast chamber Volume ~ lcc 

Fig. 7. Sampling system of FFID, as applied to in-cylinder sampling in an IC engine. =7 

sampling inlet and the FID detector itselfJ 6 The 
configuration is shown in Fig. 7. Referring to the 
figure, a sample is drawn through a small diameter 
Transfer Tube A which is connected to a larger tube (the 
Settling Tube B*) that terminates in the Ballast Chamber 
D, which is usually held at a significant (and constant) 
vacuum level below ambient. The ballast chamber acts 
as a capacitor, which, together with the resistance of the 
tubes A and B, maintains a very nearly constant pressure 
at D, despite flow changes due to sample pressure 
changes. Thus the chamber D is often referred to as the 
Constant-Pressure (CP) Chamber. The sample to the FID 
is taken at the end of the Settling Tube B in a 'T '  
arrangement by the Connecting Tube C, which delivers 
the HC sample directly to the hydrogen flame in the FID. 
The principle is to maintain a constant pressure across 
tube C so that a constant flow rate is delivered to the FID. 

The FID detector receives, via tube C, a sample of the 
flow in the Transfer Tube, i.e. it receives a sample of the 
sample flow entering the sampling system, and most of 
the total sample flow discharges into the CP chamber. 
The 'tee' arrangement at inlet to tube C (the 'FID' tube), 
is designed as a variation on the principle of a static 
pressure tapping, (that is a tapping which indicates the 
static pressure independent of the velocity of the gas 
crossing the face of the tapping). In the situation here, a 
small flow, the FID sample, is allowed along the tube; the 
pressure gradient associated with the stream line 
curvature of this small entrance flow is negligible. The 
pressure at entry to the FID tube is thus constant because 
the pressure there is independent of the flow velocity 
across it, and because the streamlines exiting into the CP 
chamber are parallel. The only difference will be caused 
by the very small amount of friction pressure drop in the 

* In earlier papers, the Seuling Tube has been referred to as 
the Expansion tube, which is a misnomer. The cross-section of 
the jet flow from the Transfer Tube exit expands, but 
thermodynamically, the process is the reverse of expansion. 

short length of tube approximately 1 mm, between the 
FID tube tapping and exit into the CP chamber. 

The only situation in which the pervious arguments 
will be in error is when the exit flow into the CP chamber 
becomes choked, in which case the pressure in the CP 
chamber and that at entry to the FID tube may be very 
different. This is why the Settling length B is included--  
it ensures that if choking occurs it will be at the exit of 
tube A, and that the FID inlet remains at CP pressure. 

The average pressures in the CP chamber and the FID 
chamber are maintained by a system of bleed flow and 
vacuum lines. Typically a differential pressure regulator 
is used to keep the pressure difference across the 
Connecting Tube C constant. The practical arrangement 
will be discussed in Section 4. 

3.4. Deviations f rom Ideal Behavior 

While the DC level of the CP chamber is maintained 
by the bleed and vacuum flow system, the pressure 
fluctuation caused by the variation of the Transfer Tube 
mass flow over an engine cycle is damped by the first 
order filtering of the (non-linear) Transfer Tube flow 
resistance and the capacitance of the CP chamber 
volume. It should be noted that though the ballast 
chamber volume as drawn in Fig. 7 is quite small 
(--1 cm3), the effective volume for the CP chamber is 
very substantially larger due to the volume of the 
vacuum lines and the other pressure regulating devices. 
(For example, a 5 mm ID line of l m length adds 
- 2 0 c m  3 to the volume.) For a typical system, the 
effective CP chamber volume is ~ 100 cm 3 or larger. 

To calculate the damping factor caused by the transfer 
line and the CP chamber, quasi-steady isothermal flow in 
the tube is assumed. (For the capillaries used, isothermal 
flow is an excellent approximation, except very close to 
the exit of the Transfer Tube if the flow is choked, or 
very nearly so.) Then for an inlet pressure of Pi, mass 
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flow rate rh in the Transfer Tube isiS: 

rn 2RT ~2(+--~-n pP_~i ) (6) 

(See nomenclature section for definition of symbols.) If 

the flow is choked, then the value of Pc in the above 

formula is replaced by P*, the downstream choking 

pressure. (The choking phenomenon will be discussed 

and values of P* will be given in Section 3.5.) It 

should be noted that Eq. (6) is implicit in th; this is 

b e c a u s e f = f ( R e )  and the Reynolds number is given by 

4rn 
Re = (7) 

wd# 

Note also that for an isothermal flow the viscosity # is 

constant (since it is virtually only a function of temper- 

ature), and thus in steady flow the values of Re and f a r e  

constant along the tube. To estimate the variation in the 

CP chamber pressure &Pc in one engine cycle, the 

pressure pulsation at the sampling inlet may be repre- 

sented by a triangular pulse of mass flow with the peak 

value equal to the flow rate at the peak sample inlet 

pressure and with duration equal to 1/4 of a (four stroke) 

engine cycle. (In other applications, suitable other 

criterion could be applied.) Then, for a CP chamber 

volume V, 

15 RT 
&Pc = R--~rhpc~k T -  (8) 

Values for ~Pc as a function of the sample inlet peak 

pressure are shown in Fig. 8 for V = 100cm 3 and a 

Transfer Tube of 0.2 mm diameter and I00 mm length. 
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Variation of peak sample inlet pressure (bar) 

Fig. 8. Estimated constant-pressure chamber pressure fluctua- 
tion as a function of sample inlet peak pressure variation; CP 
chamber volume = 100cm3; engine at 1000rpm; 0.2mm 

diameter Transfer Tube of length 100 mm at 120 C. 

Typical pressure difference between the CP chamber and 

the FID is - 0 . I  bar. To maintain a FID sample flow 

variation of -< 1%, the value of &Pc should be - 1 x 

10-3bar. Thus, according to Fig. 8, the system is 

adequate for sampling in the exhaust and intake mani- 

fold. For in-cylinder sampling, however, either the 

volume of the CP chamber or the Transfer Tube flow 

resistance has to be increased substantially. 
Equations (6)-(8) may be used to assess the scaling 

relationship of the CP chamber pressure fluctuation, &Pc, 
to the system parameters. The friction factor for a 
smooth pipe* is given by: 

f = 64~Re Laminar flow (9a) 

f=O.316Re-1 /4  Turbulent flow (9b) 

If the log term in Eq. (6) can be omitted, significant 

simplifications result in the analysis. This term arises 

from the difference in the inlet and outlet momentum, 

and in most cases, this contribution to the pressure drop 

along the capillary is much smaller than the friction term. 

Only when the pressure ratio is very high, as in the case 

of in-cylinder sampling, are the terms of comparable 

magnitude. 
If then we ignore the In(Pi/Pc) term, we find from Eqs 

(6)-(9a,b) that: 

d 4 
tSp c c< Laminar flow (10a) 

V.L 

d2.71 
t3P c ~ V.LO.57 Turbulent flow (10b) 

These equations may be used to scale the results in Fig. 8 

to other system sizes. Equations (8) and (10a,b) were 

verified by measuring the values of &Pc when different 

diameter Transfer Tubes and different size ballast 

chambers were used in the FFID. 19 The results are 

shown in Table 2. 
In Table 2, the 'parasitic' volume, which was added to 

the ballast volume to form the effective CP volume, was 
calculated by comparing the &Pc values when the two 
different size ballast chambers were used; its value was 
150 cm 3. When the tube diameter was increased by a 
factor of two, the ratio of &Pc was 46.7/6.66 = 7.0. This 
value compares favorably with the scaling of Eq. (10): 
227~ = 6.54. Further, the values of &Pc calculated from 
Eq. (8) agree well with the observed values in spite of the 
simplicity of the model. 

In practice, though the flow resistance is sensitive to 
the tube diameter, it is preferable to reduce the CP 
pressure variations by increasing V. This is because (a) it 
is difficult hardware-wise to use tubing of diameter much 
less than 0.2 mm, and more importantly, (b) as will be 

* The roughness of the internal surface of typical tubes used 
in the FFID was measured to be ~ 1.4 #m. ~9 Therefore, for tube 
diameters of the order of a fraction of a ram, the smooth pipe 
correlation could be used up to Re~ 105. 
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Table 2. CP chamber pressure fluctuation as a function of sampling system component dimensions : engine at 1000 rpm, 5 bar 
GIMEP (30 bar peak cylinder pressure), CP chamber at 0.62 bar 

Transfer Tube diameter (mm) 
Transfer Tube length (mm) 
Ballast chamber volume (cm 3) 
Effective CP chamber volume (cm 3) 
CP chamber pressure fluctuation, 6Pc (bar) 
~SP c calculated from Eq. (8) 

0.25 0.50 0.50 
320 320 320 

2 2 40 
152 152 190 

6.66 × 10 -3 46.7 × 10 -3 37.3 × 10 -3 

7.81 × 10 -3 42.1 × 10 -3 33.3 X 10 -3 

shown in the next sections, the frequency response of the 
overall system will decrease with the decrease of the 
Transfer Tube diameter. A volume V of ----- 1 liter is 
usually adequate. Practical implementation will be 
discussed in Section 4. 

3.5. Sampling System Performance 

3.5.1. Transit time 

The transit time is the time between the entry of a 
sample at the inlet of the  FFID to the delivery of the 
sample to the hydrogen flame. It consists of three 
components*: 

1. Transit time in the Transfer Tube; 
2. Transit time in the Settling Tube; 
3. Transit time in the Connecting Tube. 
The transit time is important for interpreting the FFID 

signal: the signal at time t corresponds to the sample 
taken at an earlier time. Furthermore, during the transit in 
the various tubes, there is a longitudinal mixing of the 
sample: for example, a sharp concentration front is 
dispersed into a finite profile during transit of the sample. 
Thus in addition to the inherent time response of the 
detector, there is a further time constant equal to the 
longitudinal extent of the profile divided by the flow 
velocity. 

To calculate the transit time, the flow in a small tube 
may be considered to be isothermal. The continuity and 
momentum equations are: 

~p O(ou) 
,gt Ox (11) 

Ou RT Op Ou fu 2 
- -  = u ( 1 2 )  
Ot p Ox Ox 2d 

There are two unsteady flow effects: 
(a) Acoustic effects--In most engine experiments, the 

pressure changes slowly compared to the time of flow 
equilibration in the tube, (i.e. Pl(dPIdt) >> LlaT), 
Therefore acoustic effects are negligible and the flow 
field may be assumed to adjust instantaneously to 
the pressure. The flow could thus be considered as 
quasi-steady. 

(b) Change of flow during the sample transit in the 
tube- -When the sampling inlet pressure changes 

* There is an additional component: the transit time of the 
sample from the exit of the Connecting Tube to the flame. This 
component has been lumped into the flame ionization detector 
inherent response, which was discussed in Section 2.1. 

appreciably during the transit time, (i.e. AP/(dPIdt) < 
rt), the quasi-steady assumption may still hold, but the 
transit time and dispersion has to be evaluated by 
following the fluid particles in a Lagrangian manner 
through the changing flow field. 17 

With the quasi-steady assumption, Eqs (11) and (12) 
may be combined to give: 

du fu 3 
~ =  2d(RT - u 2) (13) 

Noting that f is independent of x (see comment at Eq. 
(7)), Eq. (13) may be integrated to give 18 

A-- I 2 R T ( ~ d + l n ~  ) (14) 

(the same as Eq. (6) quoted previously). Here Pi  and P2 
are the inlet and exit pressures of the tube. The pressure 
P at position x may be obtained from applying Eq. (14) to 
the section [0,x] of the pipe; whence it is given implicitly 
by: 

(;) 
( A )  ----2-~ f x -  (15a) 

The velocity u(x) is obtained from the continuity 
equation: 

rnRT 
u(x) = (16a) 

AP(x) 

When the friction term is large compared to the momen- 
tum flux term which is the case for exhaust and intake 
sampling operation, analytical expressions could be 
obtained. Then the square of the pressure drops linearly 
with x: 

X 
P(x)  = - - Z 

and the inverse of the velocity (or 'slowness') is: 

u(x) = 2---- z Pt - P2 

(15b) 

(16b) 

For a given upstream pressure P.i, the velocity in the tube 
will increase when the downstream pressure P2 
decreases. At some point, the maximum velocity 
(which occurs at the exit) will equal the isothermal 
sound speed, i.e., the propagation speed of pressure 
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wave under isothermal condition*. Then, according to 

Eq. (13), du/dx will be infinite. The flow is said to be 

choked: when P2 is decreased further, the flow field is 

independent of the downstream pressure P2. The velocity 

at the exit remains sonic (at the isothermal sound speed 

aT) with a corresponding pressure P*. The flow adjusts to 

the pressure P2 outside the tube. 
The value of P* as a function of P ~ may be calculated 

from Eq. (14) by replacing P2 with P* and setting the 
mass flux equal to aT AP*IRT. The resulting equation is 

(p , )2  (~**) fL (17a) ~-~ - 21n  - l = - ~ -  

Note that f is a function of rh, hence of P*, and the 

equation has to be solved implicitly. The results are 

shown in Fig. 9 for a tubing of diameter d = 0.2 mm, 

at various L/d. Since the absolute value of d only enters 

in the Reynolds number in evaluating f, and that when 

the flow is choked, it is usually in the turbulent regime 

w h e r e f ~ d  TM, the result is not sensitive to the value ofd.  

The value of P* is approximately proportional to PI. (It 

would have be exactly proportional if f were not a func- 

tion of Re. In the turbulent regime, the dependence is 
weak; f~Re -1/4.) 

If the friction term dominates, Eq. (17) reduces to: 

PI 
P* - (I 7b) 

When choking occurs, the isothermal assumption cannot 

hold, as it would require infinite heat transfer at the sonic 

point. Nevertheless, for the majority part of the tubing (at 

which the velocity is low, and which has the biggest 

contribution to the transit time), the isothermal assump- 

tion is still good. The flow field could thus be solved 

from Eq. (14) with P* replacing the downstream 

pressure P2. 
The error in mass flow when making the isothermal 

approximation was assessed by a ID numerical simula- 
tion with finite heat transfer rate. E° There are three 
effects: the variation of the temperature along the tube; 
the difference between the adiabatic and isothermal 
criterion in choking; the use of isothermal rather than 
adiabatic sound speed in the evaluation of the choking 
point. The maximum mass flow error was found not to be 
significant (~  1.5%). 

When the FFID is used in exhaust or intake manifold 
sampling in a naturally aspirated engine, the sampling 
inlet pressure is low (approximately equal to or less than 
atmospheric) and the flow throughout the sampling 
system is usually unchoked. In in-cylinder sampling, 
however, the Transfer Tube will choke sometime in the 

*Under isothermal condition, the sound speed aT is 
x(dp /dp)T  =- x(RT). In normal sound propagation, the 
process is assumed to be isentropic; thus the normal 
sound speed is x(dp/dp)s = ~(~RT). 

compression process. The relaxation of the Transfer 
Tube exit pressure P* to the CP chamber pressure Pc is 
complex. When P* is just slightly above Pc, the Settling 
Tube acts as a diffuser (not a very efficient one because 
of the step change in area from the Transfer Tube to the 
Settling Tube). At higher values of P*, the sonic jet may 
expand to be supersonic and relaxes to Pc through a 
series of shock diamonds or through a normal shock. 2j 
At very high sample inlet pressure, the Transfer Tube 
may become unchoked; instead the flow chokes at the 
exit of the settling chamber. In practice, this condition is 
usually avoided by choosing the size of the Settling Tube 
appropriately. 

In the choked flow regime, when the pressure 
relaxation region in the Settling Tube spreads to the 
inlet of the Connecting Tube, the constant pressure 
sampling principle will no longer be valid. Although this 
phenomenon happens before the Settling Tube is choked, 
its occurrence may be estimated by assuming that such 
choking occurs since the entrance of the Connecting 
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Fig. 9. Downstream pressure at choking for tubing of diameter 
d = 0.2 mm, as a function of inlet pressure and L/d. The result 

is not sensitive to the value of d. 
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Fig. 10. Critical cylinder pressure at which the Settling Tube 
chokes, as a function of the ballast chamber pressure; for in- 

cylinder sampling by FF[D with geometry of Fig. 717. 
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Tube is very close to the exit of the Settling Tube. Then 
Eq. (13) could be integrated backwards from the exit of 
the Settling Tube to the entrance of the Transfer Tube to 
obtain the critical cylinder pressure at which the Settling 
Tube becomes choked. The result is shown in Fig. 10 for 
the FFID geometry of Fig. 7. For example, the 
compression pressure just before ignition for a naturally 
aspirated engine at WOT is ~8  bar. Therefore if the 
ballast chamber pressure is above ~0.4  bar, choking at 
the Settling Tube would not occur until sometime into 
the combustion period. 

In summary, the flow field in the sampling system is 
described by Eqs (14)-(17). For the Connecting Tube, 
PI is the CP chamber pressure and P2 is the FID 
pressure. If the Transfer Tube is choked, the flow is 
decoupled from the downstream condition. Then, for the 
Transfer Tube, P~ is the sample inlet pressure and P2 = 
P*; the pressure in the Settling Tube would adjust to 
swallow the flow with exit pressure equal to PC. If the 
flow is not choked, the flow in the Transfer Tube and the 
Settling Tube has to be solved iteratively by matching 
the mass flow rate and the pressure at the junction. Figure 
11 shows how the pressure, temperature and velocity 
vary along a capillary for various pressure ratios, based 
on a 1D computation model which includes heat 
transfer. 2° It is seen that except when choked or nearly 
choked flow occurs, the flow is adequately represented 
by the isothermal assumption. 

One more issue to be discussed is the extent of the 
momentum and thermal entrance lengths of the flow. For 
the Transfer Tube and the Connecting Tube, the /-/d 
values are usually large enough ( >  200) that the 
entrance lengths are not significant. This is, however, 
not the case for the Settling Tube (L/d~30). The 
relaxation of the Transfer Tube exit flow may occupy a 
substantial length of the tube. The situation is especially 
severe at high sample inlet pressure as shock waves may 
develop in the settling chamber. There are two effects on 
the flow calculation: (a) the effective length of the tube 
may be different than the physical length, and (b) the 
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Fig. 11. Variation of pressure, velocity (Mach number) and tem- 
perature along a constant area capillaz 3, of constant wall tem- 

perature. 2° 

transition point between laminar and turbulent flow may 
be affected and the friction correlation itself may not be 
valid. In practice, since no systematic data are available 
for such flows and usually the Settling Tube is sized to 
have a small pressure drop, the transit time is often 
approximated by the convection time using the whole 
length of the tube and the velocity based on the mass 
flow and the CP chamber pressure in Eq. (16). 

For steady state flow, the transit time rt is given by: 

fL x 
r t  = ( 1 8 )  

j o  u(x) 

(13), an analytical expression may be Using Eq. 

obtained: 

rt fu, I. -(P~-)+'~'ul2L \P~l./ . ] }  (19a) 

Here u~ is the entrance velocity to the tube, and is 

obtained from Eqs (14) and (16a,b). The value o f f  is 

evaluated using Eqs (7) and (9a, b). For choked flow, 

P2 is replaced by P* solved from Eq. (17). 
If the friction term dominates, u i may be eliminated 

and Eq. (19a) simplifies to: 

L 4 ( f L ~  (PI3 - P3) 2 (19b) 
• , =  

Note that when the flow is choked, the flow is usually 
turbulent and f is only a weak function of Reynolds 

number. Then, from Eqs (17a,b), P l/P* is approximately 

constant, and thus from Eq. (19), the transit time is 

approximately constant. 
For exhaust and intake flow sampling, the sample inlet 

pressure is approximately constant and the flow is not 
choked. Equation (19) may be used directly for all the 
flow components in the FFID. Typical transit time as a 
function of sample inlet pressure is shown in Fig. 12. 22 
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Fig. 12. Transit time in the sampling system of a FFID at steady 
state condition as function of sample inlet pressure. 22 The time 
is expressed as crank angles at 900 rpm. FFID geometry: 
Transfer Tube 306 mm × 0.25 ram; Settling Tube 23 mm × 
1.15 mm; Connecting Tube 20 mm × 0.2 mm. CP chamber at 

0.49 bar; FID pressure at 0.41 bar. 
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For in-cylinder sampling, the inlet pressure varies 
substantially during the transit time of the sample (Ap/ 
(dP/dt) << 7"0. Because the pressure in the CP chamber 
and the FID are kept constant, the flow in the Connecting 
Tube is steady and Eq. (19) applies. The flow in the 
Transfer Tube and the Settling Tube, however, follows 
the inlet pressure in a quasi-steady manner (acoustic 
effects are negligible since P/(dP/dt) >> L/aT). Then the 
transit time is determined by integrating Eq. (18) in a 
Lagrangian manner with the velocity field u=u(x,t) 
adjusting instantaneously to the inlet pressure. Such 
calculations were performed for the compression stroke 
in connection with the sampling of mixture before 
ignition,17 and for the complete cycle. 22 

The behavior of the sampling system of Fig. 7 when 
used in in-cylinder sampling is shown in Fig. 13. In this 
figure, the horizontal axis is the crank angle at which the 
sample arrives and is detected by the detector. For 
example, at - 20°ATC, the total sampling delay time is 

15 °. The FID signal at - 20°CA would thus read the 
HC concentration at the inlet at - 35°CA. 

In Fig. 13, the total transit time which is expressed as 
the total delay crank angle in the figure, comprises three 
part: the Connecting Tube delay, the Settling Tube delay. 
and the Transfer Tube delay. The Connecting Tube delay 
is constant. In the early part of the compression process, 
the inlet pressure and thus the velocity are low; the delay 
is substantial. The major part of the delay is in the 
Settling Tube because the slow velocity there more than 
offset for the shorter length. The first 'kink' in the delay 
curve at - - 78 ° is caused by the laminar-to-turbulent 
flow transition. The second 'kink' at ~ - 70 ° is caused 
by the acoustic effect associated with the transition to 
choking in the Transfer Tube. Note that the delay in the 
Transfer Tube becomes approximately constant after it is 
choked. 

It is preferable to operate the instrument in a window 
where the transit time is not excessive and approximately 
constant. This is because of the intermixing of sample 
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Fig. 13. Behavior of the sampling system in Fig. 7 for in- 
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0.2 bar. The horizontal axis is the crank angle at which the 
sample arrives and is detected by the detector; 0 ° is defined as 
TDC compression. The plots terminate when the exit of the 

Settling Tube is choked. 

along the tube during the transit. If the transit time is 
long, the sample will be smeared out longitudinally and 
the time response of the instrument will be poor. With a 
time-varying transit time such as that which occurs 
during the early part of compression, the sample will be 
unevenly stacked in the sample line and it will be 
difficult to account for the extent of longitudinal mixing. 
This window depends on the engine operating condition 
and the sizing of the sampling system. The condition is 
more favorable at low rpm and high load so that the 
transit time is small. With a properly designed system. 
successful sampling could be done from prior to ignition 
through the power stroke, z2 

The mass flow rate (traced back to the inlet) of the 
arrived sample is also shown in Fig. 13 (dotted line). At 
peak cylinder pressure, the flow is -270 /zg  ms ~ (not 
shown in the figure). For comparison, the charge mass of 
a typical engine (of displacement of - 5 0 0  cm3/cylinder, 
and operating at the condition as described in the caption 
of Fig. 13) is - 6 0 0  mg. The period of high sample flow 
lasts only for a few milliseconds. Thus the sample flow 
would cause negligible perturbation of the combustion 
chamber condition. 

The mass flow rate may be converted into a volume 
flow rate using the charge density at the time of entry of 
the sample (dash line in Fig. 13). For example, at ignition 
(at - 25°CA which, when a transit delay of --20 ° is 
added, corresponds to an arrival time of - 5°CA), the 
volume flow rate is - 6 m m 3 m s  -~. If the overall 
integration time of the FFID is 2 ms, the sample 
volume would be - 1 2 m m  3. This volume would 
correspond to a hemisphere of --2 mm radius. 

The comparison between the total transit time (the 
signal delay of the instrument) calculated by the steady 
state flow assumption Eq. (19) and by the Lagranian 
integration process is shown in Fig. 14 as a function of 
the cylinder pressure. With the steady flow assumption, 
the transit times are uniquely determined by the sample 
inlet pressure (i.e. the cylinder pressure) for a given FID 
configuration (dash line in Fig. 14). For unsteady flow, 
the transit time obtained by the Lagrangian integration is 
a function of the cylinder pressure history. The 
'trajectory' of the transit times at different cylinder 
pressure levels from the expansion stroke to the 
compression stroke in a 4-stroke engine cycle is shown 
as the solid line in Fig. 14. The crank angle at the 
different parts of the cycle are marked on the trajectory. 
At high inlet pressure, there is not a big difference 
between the two calculations because of the earlier 
remark that the transit time is approximately constant 
after the flow in the Transfer Tube is choked. Thus the 
steady state transit time calculation is adequate for the 
high pressure part of the cycle. For the intake and the 
exhaust process, however, there are substantial 
differences between the two calculations. 

3.5.2. Time constant 

When a fluid sample flows through a small tube, there 
will be intermixing of the fluid in the direction of the 



100 W.K. Cheng et al. 

100 

, .=)  

90 

80 
' 1  

70 

~¢ 6G 
¢D 

"O 

"~ 50 

40 
a 

30 . . . . . . . .  

20 

10 

! Crank degrees 

! i After top dead centre 

I 

1.5 2 2.5 3 3.5 
Sample pressure 

(Bar) 

Fig. 14. Comparison between the FFID sampling delay time calculated by steady state assumption (dash line) and by Lagrangian 
2 2  o o o o o integration (solid line), Engine at 900 RPM. 6 bar IMEP. Crank angles: 0 -180 °, expansion; i 80 -360, exhaust; 360 -540, 

intake; 5400-720 °, compression. See caption of Fig. 12 for FFID specification. 

flow (Taylor diffusion23'24). For example, a sharp 
concentration front will be smeared out to a longitudinal 
profile. The sampling system, therefore, effectively 
buffers the detector with a first order filter of time 
constant equal to the longitudinal extent of the profile 
divided by the convection velocity, and the overall time 
response of the FFID with the sampling system is slower 
than the inherent response of the detector itself. 

Whether this degradation of response is significant 
depends on the application. For example, in studying the 
transient emissions of an engine exhaust for regulation 
purpose, a response time of -0.1 s is adequate. This is 
well within the capabilities of the overall FFID system 
and further examination of the response time is of little 
interest. When observing events in the exhaust port of an 
engine, there is considerable detail within the period of 
the exhaust process (of the order of 30 ms at 1000 RPM); 
resolution of a few ms is required. For the studying of in- 
cylinder processes, there are structures with time scale of 
the order of a few ms; for this purpose, the fastest 
instrument response is desired. Understanding of the 
sample dispersion is therefore necessary for the 
appropriate design of the sampling system. 

Taylor diffusion arises from the non-uniform velocity 
profile across the tube: 23 for example, a sampled 
molecule at the center of the tube of a fully developed 
laminar flow will be advected twice as fast as the average 
velocity. For a small diameter tube (such that the radial 
diffusion time of the sampled molecules in the carder gas 
is fast compared with the differential advection time 
across the tube cross-section), the net effect of the 
combined radial diffusion and differential advection is 
that there is an inter-mixing of the sampled molecules in 

the flow direction with an effective longitudinal 
diffusivity K. For a fully developed steady 
incompressible flow, K is given by 23"24 

d2u 2 
K = 192D Laminar flow (20a) 

K = 5.05ud~/~ Turbulent flow (20b) 

The flux-weighted, radial averaged concentration profile 
C is then governed by the diffusion equation 

a2C 0C 
K 0x 2 = O~- (21) 

where X l is the coordinate that moves with the average 
velocity U of the flow. Thus in time t, an initial step 
change in concentration of 0 to Cmax will be smeared 
out to a profile along the tube: 

When this concentration profile is advected with velocity 
u through an observation point at the end of the tube, a 
10%-90% rise time for C is: 

rc = 4  [eft- '(0.8)] V ' ~ t  = 3.62 V/-~t (23) 
U U 

This rise time may be interpreted as an integrating time 
constant for the smearing process. (A more precise 
definition of the time constant is discussed in Appendix 
B.) 
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The above incompressible flow results, however, 
could not be applied to the tubes of the FFID system 
where the velocity and density change substantially 
along the tube. The isothermal laminar compressible 
case was analyzed by S m i t h y  For an isothermal laminar 
flow, the time constant rc is: 

/P~+P~ (Laminar flow) (24a) 
1.48 L 

For hydrocarbon in air, the value of 1/Sc is in the range of 
0.6-0.8; an average value of 0.7 may be taken. Hence, 
for laminar isothermal flow in a tube, 

/p2+p2  (Laminar flow) (24b) L 
r e=  1 . 2 4 - ~ V  ~-i~ - - p2 

Note that the result is independent of the tube diameter. 
For turbulent isothermal flow, the above result is not 

applicable because the radial velocity profile is different 
and because the concentration diffusion across the radius 
due to turbulence is different from the laminar case. A 
time constant, however, may be derived on an ad-hoc 
basis by noting that if Eq. (23) is written in a differential 
form as 

~ x  = (3.62) 2 . (25) 

with K defined by Eq. (20), then the results of Eq. (24) 
follows. Assuming that i f  the turbulent value of K (Eq. 

(20)) is used, Eq. (25) also applies to a turbulent isother- 
mal flow; then* 

L 
rc -- 1.44Re- 31,6 ~ ' ~ 1  

P~ g R T V  i 

(Turbulent flow) 

(26) 

Because of the weak Re dependence, rc in Eq. (26) is not 

sensitive to the tube radius. 
The time constant per unit length, re~L, is plotted as a 

function of the pressure ratio in Fig. 15. For pressure 
ratio --> 2, the following are useful approximations: 

r~/L ~ 40 p.s cm - i (Laminar flow; Pt/P 2 >- 2) 

(27a) 

rc/L -~ 10 p.s c m -  I (Turbulent flow; PI/P2 >- 2) 

(27b) 

For the Transfer Tube, PiP2 typically -> 2. Thus the 

time response is quite fast for a Transfer Tube of 

L--30 cm. For the Settling Tube, the pressure ratio is 

substantially lower, leading to a larger value of rdL. 

This fact is, however, balanced by the much shorter L 

so that rc of the order of a few ms could still be achieved 

* Equation (26) is derived by integrating Eq. (25) with u(x) 
given by Eq. (16) andfgiven by Eq. (9). Note that since t~ is only 
a function of temperature, f is not a function ofx for isothermal 
flow. 
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Fig. 15. Effective integration time constant per umt length, re~L, 
for longitudinal diffusion of concentration in small tubes under 

isothermal flow, as function of inlet to exit pressure ratio. 

with proper component sizing. (Numerical values of 

transit time and time constant for a typical FFID will 

be given in Section 4.) 

4. WORKING EXPERIENCE WITH THE FAST-RESPONSE 
F L A M E  I O N I Z A T I O N  D E T E C T O R  

A large body of working experience with the FFID 
was cumulated over the years since its first introduction 
into the market in 1988. In the following, some of the 
practical experience which was gained about the use of 
this instrument in engine research is discussed. 

4.1. Pressure Fluctuation Isolation 

As described previously, the sampling system is 
designed to maintain a constant mass flow rate of the 
sample gas into the FID. This is achieved by maintaining 
a constant pressure (vacuum level) in the CP chamber 
and in the FID chamber. In practice this is done by 
bleeding flows from vacuum regulators into the respec- 
tive chambers. The frequency response of these 
regulators, however, is not adequate to entirely isolate 
the CP chamber from pressure fluctuations originating 
from the sample source. This is particularly the case for 
in-cylinder sampling, when the pressure at the sampling 
inlet may vary from sub-atmospheric during intake to 
peak pressures of - 1 0 - 6 0  bar, depending on operating 
condition, while the CP is kept at or below atmospheric 
pressure. Therefore flow pulsation is substantial. For 
exhaust sampling, the pressure fluctuation is more 
modest: up to perhaps - --. 0.3 bar. This pulsating 
flow causes fluctuation of the CP chamber pressure and 
thus the sample flow rate through the Connecting Tube 
into the FID. (The pressure fluctuation in the FID is 
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usually negligible because the flow from the CP to the 
FID is small compared to the fuel and air flow rates, and 
to a first order of approximation, it does not change.) 

In Section 3.4 it was shown what conditions need to be 
avoided, or what measures may be taken (in particular 
increasing the CP chamber volume) in order to reduce 
this effect to acceptable levels. It is worth adding here a 
few more details of the arguments involved. Typically 
the CP-FID pressure difference (APFIo) is --0.1 bar. A 
significantly higher value of APFID might: 

I. lead to too high a flow into the FID chamber and 
disrupt the flame; 

2. be unobtainable because of limitations on vacuum 
capacity; 

3. lead to such a low FID chamber pressure that the 
flame is unstable or is unlightable. 

A lower APFI D may be undesirable because: 
I. the'signal level may be too small; or 
2. the percentage effect of any CP pressure variation 

on the FID tube flow will be more serious. 
Thus if the FID sample flow (and hence signal) 

variation is to be less than 1%, the variation of APFID 
should be less than 10 -3 bar. 

For intake and exhaust measurements in which the 
flow pulsation is small, usually the effective CP chamber 
volume (actual volume plus the volume of the vacuum 
lines, typically - 1 0 0  cm 3) is sufficient to damp the CP 
pressure variation to acceptable level (see Section 3.4). 

For in-cylinder measurements, several approaches are 
used to achieve an acceptable variation in CP pressure. 
The most obvious one is to increase the volume of the 
CP, which serves as a capacitor, and, together with the 
flow resistance of the Transfer Tube, acts as a first order 
filter. It was shown in Section 3.4 that for a typical 

sampling arrangement with reasonable Transfer Tube 
working length (~300 mm) and diameter (0.2-0.5 mm), 
the necessary volume is ~ i ! for in-cylinder sampling 
applications. Usually an auxiliary ballast chamber is 
connected to the CP for this purpose. The connection 
may be conveniently done via tubing of reasonable 
diameter and length such that the flow resistance of the 
connection is much less than that of the Transfer Tube. 

For sampling inlet pressures above atmospheric (for 
example, for in-cylinder sampling during the com- 
pression stroke), an effectively infinite CP chamber 
volume may be achieved easily by opening up the 
chamber to atmosphere. Operation in this mode is 
described in Ref. 26. 

The other way to increase damping is to increase the 
flow resistance in the Transfer Tube. This method is less 
preferable because (a) it is difficult hardware-wise to use 
a tube diameter less than 0,2 mm, (b) small tubes tend to 
foul easily during operation, and (c) the frequency 
response of the sampling system suffers with a high flow 
resistance. 

4.2. Condensat ion Problems  

There are two condensation problems associated with 
the operation of the FFID: condensation in the vacuum 
line and condensation in the sampling line. 

Early designs of the FFID were plagued with the 
condensation of water vapor in the line carrying gases 
from the FID chamber and CP chamber to the vacuum 
control system. When the condensed water ran into the 
vacuum regulating valve connecting to the vacuum 
pump, the FID chamber pressure would be disrupted. 
Early remedies ranged from putting the regulating valve 
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Fig. 16. FFID head design which avoids the water condensation problem. The CP and F1D chamber pressures arc regulated by 
bleeding air into the vacuum lines connecting to the respective chambers. 



The fast-response flame ionization detector 103 

~ $ t e e l  

Fig. 17. Heated sample line design to prevent liquid fuel condensation. Power is applied from the mid section of the sampling tube to 
ground (which is the engine chassis). Thus there are two branches oftbe electric current, respectively flowing towards the tip (at the 

right side of the drawing) and towards the FFID connector (at the left side of the drawing). 

close to the FFID and using heating tapes to keep both 
the vacuum line and the valve hot, to putting in a cold 
trap for the water in the vacuum line. This condensation 
problem was finally solved by a design shown in Fig. 16. 
Instead of regulating the FID pressure by a throttle valve 
before the vacuum pump, a valve regulating a bleed flow 
of ambient air to the vacuum line is used. In this way: (a) 
only air flows through the valve, and (b) the vacuum line 
receives the exhaust sample and FID chamber exhaust as 
well as a large quantity of ambient air, which raises the 
dew point of the gases in the vacuum line. Then, only 
when testing at sub-zero temperatures and at very high 
ambient humidity is trace heating of the vacuum lines 
necessary. 

Condensation in the sampling system itself may be 
caused by water vapor condensation from exhaust gases 
(the dew point of an engine running near to stoichio- 
metry is about 50 C), or condensation/deposition of 
liquid fuel when sampling from the inlet manifold or 
from the cylinder of an engine. These problems are 
exacerbated by the fall in temperature of the gas near the 
exit of the Transfer Tube under conditions of high 
pressure ratio (Fig. i 1). Apart from the problem of signal 
degradation if condensation occurs, water droplets 
collecting in the Transfer Tube area will move out of 
the tube from time to time, and some of these may enter 
the FID tube, causing a flame-out as the droplet bursts in 
the flame. 

Heat transfer between the gas and the capillary 
sampling system is good- - the  good frequency response 
of the instrument is caused by effective radial mass 
transport, so heat transfer to the sample tube walls is 
necessarily also effective. Thus the condensation 
problem may be eliminated by heating the sampling 
line to above the dew point of the sample flow. A typical 
resistance heated sample line design is shown in Fig. ! 7. 

4.3. Calibration 

Detailed calibration of the FFID is usually done 
statically by introducing gas mixtures of known 

JPECS 24:2-B 

composition to the sampling inlet. In exhaust and inlet 
manifold sampling this procedure is done easily with an 
in-situ calibration system (i.e. one that allows a 
calibration gas to be introduced at the sample tube 
inlet under otherwise normal sampling conditions). For 
in-cylinder work this is normally not possible, but other 
methods often make it possible to calibrate during the 
experiment. Details of these methods are given in 
Section 4.3.1. Propane is usually used as the span gas 
hydrocarbon. Prepared span gas cylinders at various HC 
concentrations may be purchased; the span gas may be 
supplied by metering the propane and air/nitrogen with 
feed-back controlled flow meters of high accuracy, 27 or 
proprietary gas mixing devices may be used. 

In the literature, the HC measurements were reported 
in terms of ppm equivalent of propane, pentane or iso- 
octane, depending on the calibration gas used. This 
divergence in reporting has caused, and continues to 
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Fig. 18. Response of a typical FFID to HC mole fraction over a 
wide range. 
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cause substantial confusion. Since the FID is essentially 
a 'carbon counting' device (see Section 2.1), it would be 
reasonable to report the results in terms of ppmCl 
equivalent. Another misnomer is to refer to the ppm 
value as a concentration. Strictly speaking it is a mole 
fraction. It seems unlikely, however, that these unfortu- 
nate usages will change in the near future. 

In an internal combustion engine, the values of the HC 
mole fraction (X~c) vary over a very broad dynamic 
range. The unburned gas may be rich, with a Xac of the 
order of 160000 ppmC1. The burned gas, on the other 
hand, may have XHC--100 ppmCl. A properly operating 

FFID should be linear over the whole range. For very 
high values of XHC, however, the behavior may deviate 
from linear because the HC from the sample flow may 
affect the flame. This effect is illustrated in Fig. 18 for a 
typical FFID. Note that the region of non-linearity is for 
XHc > 2 × l05 ppmCl which is substantially above that 
of a stoichiometric mixture (--1.3 × l0 s ppmCl). 

To calibrate the instrument against drift during an 
experiment, an in-situ procedure is often used. Usually a 
single point in-situ calibration is performed several times 
during the course of an experiment to tie down the 
complete calibration curve which is obtained off-line. 

Sampling probe 
with build-in calibration 

Span, Zero 
or Purge Air ~ ~ l / V a c u u m  

to FID 

Measure Mode 
Calibration and Purge Mode 

Fig. 19. In-situ calibration arrangement for exhaust gas FFID measurements. 

Sample Flow 
to FID 

V A C U U M  

' W A T E R '  ~ _ _ ~  - - - - - ] P = 0 . 9 5  FID 

D.-~ 1 CALIBRATION 
B ~ L  I G A S F L O W  

I SAMPLE 

A T M O S P H E R E  

LENGTH DIA. TRANSIT 
[mini [mm] ~ [im~] 

I (A)TRANSFER TUBE 100 0.3 1 

(B) RESTRICTION 20 0.15 0.1 

(C) EXPANSION TUBE 20 1.0 0.3 

(D) CONNECTING TUBE 30 0.3 1.5 

TOTAL 19 

(E) BALLAST CHAMBER V~5 CC 

Fig. 20. In-situ calibration arrangement for in-cylinder FFID measurements. 26 
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4.3.1. Calibration techniques 

For exhaust flow measurements, an in-situ calibration 
arrangement is shown in Fig. 19. The sampling inlet is 
surrounded by a jacket which is connected by a solenoid 
valve to the calibration gas. During normal operation, the 
FFID samples the exhaust gas. When calibration is 
needed, the solenoid valve is activated to send a jet of 
span gas to the exhaust. Then the FFID samples the span 
gas within the jet core which is not mixed with the 
exhaust gas. The amount of span gas introduced in the 
calibration process is small compared to the exhaust 
flow; thus in-situ calibration may be done without 
interrupting the engine operation. 

The same procedure may be used for intake flow 
measurements. An additional benefit is that for measure- 
ments in port-fuel-injection engine, the same device 
could be used to provide a shroud of purge air around the 
sampling inlet during fuel injection so that ingestion of 
liquid droplets into the sampling line could be 
minimized. 

The set-up for in-situ calibration of in-cylinder FFID 
measurements in every engine cycle is shown in 
Fig. 20. 26 Referring to the figure, the calibration 
method involves the passage of a span gas of a known 
HC mole fraction into the constant pressure (CP) 
chamber (E) of the detector. The CP chamber is kept at 

atmospheric pressure in the experiment by venting it to 
the ambient. Whenever the sample flow rate is 
insufficient to displace the span gas at the inlet of the 
Connecting Tube (D), the pressure difference between 
the CP chamber and the FID chamber drives the span gas 
into the FID. For a naturally aspirated engine, this 
happens during the intake stroke when the cylinder 
pressure is sub-atmospheric. The signal in this period 
thus provides an in-situ calibration level for the HC 
measurement in the cycle. 

Figure 2126 shows the typical FFID signal obtained in 
a firing engine with the sampling system shown in 
Fig. 20. The cylinder pressure trace is also shown. 
Because of the finite transit time from the sample line 
inlet to the detector, the actual FID signal has a phase lag 
with respect to the pressure trace. This transit time is a 
function of the cylinder pressure and the configuration of 
the sampling system. The FID signal in Fig. 21 was 
adjusted for this lag time. Starting from the LHS of this 
figure (at 0°CA), the FID sees only the span gas, which 
serves as a calibration for the HC measurement of the 
cycle. The detector signal drops during the initial stage 
of compression because the burned gas from the previous 
cycle which remains in the sample line is displaced into 
the detector as the line is purged by the fresh content of 
the cylinder. The blip in the signal at -100°CA is the 
result of the acoustic effect associated with the sonic 
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Fig. 21. FFID signal from in-cylinder sampling with setup as shown in Fig. 20. 

Table 3. Typical FFID characteristics for in-cylinder sampling 

Pressure settings: Inlet = 5 bar CP = 0.547 bar FID = 0.480 bar 
Total transit time 3.7 ms 
Cumulative time constant 1.13 ms 

Transfer Tube Settling Tube Connecting Tube 

Tube diameter (mm) 0.51 1.52 0.30 
Length (mm) 350 23 20 
Temperature (°C) 150 150 150 
Mass flow (mg s -I) 62.4 62.4 1.24 
Reynolds No. 6582 2193 218 
Transit time (ms) 2.94 0.31 0.50 
Component time constant (ms) 0.17 1.08 0.28 
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transition at the exit of the Transfer Tube. Then the 
signal rises as fresh mixture of the current cycle is 
transported to the FID and the leveling out of the signal 
indicates that this purging process is completed. 

4.4. Typical FFID Setting 

The typical FFID operating characteristics are shown 
in Tables 3 -5  for in-cylinder, intake, and exhaust 
measurements. The FFID component dimensions are 
representative of common usage. The results are 
calculated based on steady isothermal flow through the 
sampling system. As discussed in Section 3, the 
calculations are adequate for assessing the performance 
of the sampling system. 

The quantities of interest in these tables are the transit 
times, the cumulative time constants (which are the 
results of the Taylor longitudinal diffusion in the 
sampling system), and the mass flows. For each 
component (Transfer Tube, expansion tube and Con- 
necting Tube) the time constants are calculated by Eq. 
(24). Using the analogy between diffusion and the 
random walk problem, the cumulative time constant is 
the square root of the sum-of-squares of the component 
time constants. 

The transit times are used to correct for the time delay 
of the instrument response. The time constant is a 
measure of the effective time resolution of the sampling 
system. Note that for in-cylinder sampling, the mass flow 
is quite substantial, and a correspondingly large pumping 
capacity is needed. Often a smaller diameter Transfer 
Tube (0.2 instead of 0.5 mm diameter) is used to lower 
the pumping requirement. For intake flow sampling, 

there is a large transit time and time constant because of 
the small pressure differential across the Transfer Tube. 

4.5. FFID Signal compensation 

If the frequency response of the FFID system is 
known, a digital filter may be constructed to process the 
signal to compensate for the response time. An estimate 
of the frequency response may be obtained by assuming 
the instrument to be a first order system with a time 
constant given by the Taylor diffusion effect in the quasi- 
steady calculation. For in-cylinder sampling, the time 
constant, and thus the elements of the digital filter 
changes as a function of the cylinder pressure. For 
exhaust and intake measurements, this time constant is 
unchanged and a fixed filter could be used. A typical 
signal reconstruction is shown in Fig. 22. 28 Compared 
with the uncompensated signal (Fig. 22(a)), the recon- 
structed signal (Fig. 22(b)) shows much more detailed 
features: for example, the HC peak at EVO (at time 
-0 .012  s in the figure), which corresponds to the HC 
caused by valve leakage effect, is much more detectable 
in the reconstructed signal. 

4.6. In-cylinder Sampling at Higher Engine Speeds 

It is often desired to use the FFID to measure the in- 
cylinder unburned mixture equivalence ratio to assess 
the engine behavior. At high speed, because of the finite 
time response of the FFID (especially during the low 
cylinder pressure part of the cycle), the signal may not 
rise to the level representative of the unburned mixture. 
This fact is illustrated in Fig. 23. The data in this figure 

Table 4. Typical FFID characteristics for intake sampling 

Pressure settings Inlet = 0,5 bar CP = 0.3 bar FID = 0.25 bar 
Total transit time 27 ms 
Cumulative time constant 6.22 ms 

Transfer Tube Settling Tube Connecting Tube 

Tube diameter (mm) 0.51 1.52 0.30 
Length (mm) 350 23 20 
Temperature (°C) 150 150 150 
Mass flow (mg s -I) 1.3 1.3 0.50 
Reynolds No. 136 46 88 
Transit time (ms) 18.5 7.9 0.66 
Component time constant (ms) 2.89 5.50 0.32 

Table 5. Typical FFID characteristics for exhaust sampling 

Pressure settings: Inlet = 1.1 bar CP = 0.547 bar FID = 0.480 bar 
Total transit time 9.9 ms 
Cumulative time constant 3.9 ms 

Transfer Tube Settling Tube Connecting Tube 

Tube diameter (mm) 0.51 1.52 0.30 
Length (mm) 350 23 20 
Temperature (°C) 150 150 150 
Mass flow (mg s i) 7.2 7.2 1.24 
Reynolds No. 763 255 220 
Transit time (ms) 6.83 2.61 0.50 
Component time constant (ms) 2.20 3.18 0.28 
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Fig. 22. Frequency response compensation for exhaust FFID measurement; engine at 2000 rpm under part load, sampling point very 
close to the exhaust valve; 2s (a) uncompensated signal; (b) signal compensated for by digital filtering. 

were obtained from an engine operating at 1500 rpm and 
intake pressure of 0.4 bar. The sample inlet was at the 
ground electrode of the spark plug. Note that for the 
normal burning cycles (Trace (a)), the signal at flame 
arrival did not reach a plateau value that was indicative 
of the 'true' unburned mixture HC mole fraction (see 
Fig. 21 for comparison). A plateau was reached for a 
slow-burn cycle (Trace (b)) for which the flame arrived 
at a later time in the cycle. To obtai6 the proper signal, a 
technique of skip-firing one out of every 10 cycles 
were used: 29 only the 'flat' part of the FFID signal of 
the skip-fired cycle (Trace (c)) was used to determine the 
in-cylinder HC level. 
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Fig. 23. Typical L~-'ID signal at low load and high spe l l  (Pin~ke = 
0.4 bar, 1500 rpm): Ca) traces of 4 normal cycles; (b) trace of a 
slow-burn cycle; (c) trace of skip firing cycle. 29 (Dip in trace (c) 
at --140*CA was an artifact because the CP chamber pressure 

was not set low enough.) 

The previous situation is most severe at high engine 
speed and low load, for which the transit time is long and 
thus the dispersion in the sampling system is significant, 
and for when the sample is taken from the vicinity of the 
spark plug because then the flame arrives quickly at the 
sample inlet. The situation could be improved by 
sampling at a position far from the spark plug so that 
flame arrival is delayed as much as possible, 3° or by 
shortening the sample line length to reduce the sampling 
system time constant. (Note that the time constant is 
almost independent of the tube diameters; see Eqs 
(24a,b) and (26).) Usually measurement is difficult for an 
engine speed higher than ~2000 rpm. If a measurement 
is only to be taken at steady state engine operating 
condition, the skip-firing technique is the most 
robust method and it could be used at significantly 
higher rpm. 

There are many cases in which sampling at the vicinity 
of the spark plug is essential and the skip-firing 
technique cannot be used, for example, in the assessment 
of the A/F at ignition during an engine transient. This 
situation is evaluated by Crawford and Wallace 31. The 
peak of the signal (which does not show a plateau part) 
obtained from sampling from the vicinity of the spark 
plug is compared to the 'plateau' value of the signal 
obtained in the same cycle from sampling at a location at 
the maximum distance from the spark. The latter value is 
taken as the 'true' HC mole fraction of the unburned 
charge. The ratio of the two values (which is defined as 
the peak agreement in the paper) is shown in Fig. 24 as a 
function of engine speed. The engine was a CFR engine 
with a low compression ratio of 7.74 and was operating 
close to idle condition; thus the test condition was 
deliberately set to be adverse. Over the speed range of 
900-1650rpm, the average of the ratios is ~97% 
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Fig. 24. Peak agreement (see text for definition) of FFID as a 
function of the engine speed. 31 

indicating that on average, sampling from the spark plug 
only underestimated the 'true' value by - 3 % .  

5. MEASUREMENTS WITH THE FFID 

The FFID was used extensively in engine research and 
development work. The fast time response ( - m s )  
enables it to be used for recording cycle-resolved and 
crank-angle resolved engine behavior. The use of a FFID 
in engine related work may be roughly classified into 
three types. In descending order of experimental 
difficulties, they are: sampling in the intake port; in- 
cylinder sampling; and the sampling of the exhaust gas. 
In general, sampling in experiments with gaseous fuels is 
easier than that with liquid fuels which may condense in 
the sampling lines. Usually a heated sampling line is 
required to prevent condensation. Applications of FFID 
measurements in engines are discussed in the following. 
These measurements both identify and quantify 
important engine processes. 

5.1. Intake Flow Measurements 

FFID measurements in the intake port at part load is 
difficult on two counts. (i) Because of the low intake 
manifold pressure, there is only a small headroom for e.a~ 
adjusting the CP chamber pressure for stable operation. 
(ii) For port fuel injection, care has to be taken to prevent 0.a0 
the ingestion of liquid fuel into the sampling system. For il.25 
hydrogen-air flames in the FID, the lowest stable .~ 
operating pressure is ~0.2 bar. The corresponding CP ~ 0 .~  
pressure would be -0 .25 -0 .3  bar, which is marginal for 
intake measurements at idle. Much lower operating ~ e.t5 

" U  

pressure levels were attempted (with a FID pressure =~ 0.t0 
down to 0.05 bar) with an oxygen enriched flame in the t~ 
FID. To prevent liquid fuel condensation in the sampling 0 .~  
line, the line is resistively heated to --200°C. As 
described in the section on calibration, the sampling 
flow may be stopped during fuel injection to prevent the 
entry of liquid fuel into the sampling line. 

5.1.1. Capturing the intake flow processes 

Hydrocarbon measurements in the intake with the 

FFID have been used to clarify the flow processes in the 
intake port of a SI engine at part load. 32 There are three 
major intake port flow processes which are important to 
mixture preparation. 

1. The reverse blow-down flow: When the intake 
valve just opens, the cylinder pressure is higher 
than the pressure in the intake manifold. Thus hot 
burned gas flows back from the cylinder into the 
intake port. The amount of backflow depends on 
the intake manifold pressure, the effective valve 
area and the duration of valve overlap. The effect 
is especially prominent at part-load. This backflow 
has an important effect on the mixture preparation 
in port-fuel injected engines because it changes the 
thermal environment of the port significantly, 
thereby it facilitates fuel evaporation; and it strip- 
atomizes the liquid fuel film in the vicinity of the 
port and carries the droplets away from the engine 
to the back of the intake port. The latter process 
contributes to the prolonged influence of the fuel 
injected from one cycle on the subsequent cycles 
fuel transport process. 33 

2. The forward induction flow: as the piston descends 
in the intake stroke, it induces a forward flow of the 
backflow burned gas and the fresh charge into the 
cylinder. 

3. The reverse displacement flow: to improve 
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Fig. 25. HC profile in the intake port of a premixed propane-air 
engine running at 0.6bar intake pressure, 1000rpm, ~ = 
0.95. 32 Sampling inlet on port center line, 30 mm from valve. 
(a) Fuel equivalence ratio of sample; (b) burned gas fraction in 

sample. 
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volumetric efficiency at high speed and load, it is 
normal design practice to have the intake valve 
close well after bottom center. At low speed, the 
rising piston would displace some of the cylinder 
content back into the intake port. (At high speeds, 
the momentum of the air in the intake port and 
runner maintains a forward flow for the valve- 
open period so that the reverse displacement flow 
does not occur.) This displacement backflow con- 
sists of fresh fuel and air mixed with the in-cylinder 
residual gas, and therefore, it is hotter than the fresh 
mixture. The displacement flow gas remains at the 
vicinity of the back of the inlet valve throughout 
the inlet valve-close period. It has a direct effect on 
vaporizing the fuel which is deposited on the back 
of the valve and on the nearby port wall. 

To illustrate these intake flow processes, FFID 
measurements were made at the centerline of the 
intake port at 30 mm from the valve in a propane- 
fueled single cylinder engine; 32 Fig. 25. (By using a 
gaseous fuel, the liquid fuel transport and evaporation 
dynamics in the port are not present; thus the gas flow 
processes are accentuated. See next section for results 
from liquid fuel injection.) The HC measurements were 
converted into a HC equivalence ratio #~* ( = xHc/Xsc; 
stoichiometric, no residual) The signal is interpreted as 
follows. In Fig. 25(a), starting from IVO, q~* drops 
because of the reverse backflow of burned gas. Because 
the blow-down gas is mixed with the gas in the intake 
port, the minimum cI,* value is well above that of the 
burned gas. The subsequent rise in q,* signifies the 
forward flow. The plateaued value (q~* = 0.95) is that of 
the fresh premixed propane-air mixture. Then the drop 
from the plateau to a new ~* value is caused by the 
arrival of the displacement backflow. Because of the 
presence of residual gas in the displacement flow, this q,* 
value (-0.86) is lower than that of the fresh mixture. 
After intake valve close, there is no flow in the intake 

port. The FFID samples from the stagnant gas and 
therefore the reading does not change until the intake 
cycle repeats. 

Since the premixed fresh charge ~* values are well 
defined, the burned gas fraction of the sampled gas could 
easily be computed from the FFID measurement, Fig. 
25(b). The burned gas fraction in the displacement flow 
gas, however, is not the true in-cylinder residual gas 
fraction because there is still substantial mixture non- 
uniformity in the cylinder during the early part of the 
compression. A time-distance (along the intake port) 
map of the burned gas distribution could be obtained by 
repeating the measurement at different locations in the 
port. 32 At the end of the reverse blow-down flow, the 
burned-gas fraction in the 'mixing-front' may he fit with 
a complementary error function profile along the port 
centerline. The position where the burned gas fraction 
equals 0.5 in the profile marks the extend of the 
hackflow. Thus the distance of this position from the 
intake valve corresponds to a 'blow-back length' L* in 
the port. For the single-intake-valve engine used in that 
experiment, L* would be -2.5 port (or valve) diameter 
at idle, and decreases to -zero at wide-open-throttle 
low-speed operation. 

5.1.2. Measurement in intake manifold with port-fuel 
injection 

Early measurements of the fuel vapor in the intake 
port were limited to positions not directly hit by the fuel 
spray to avoid ingestion of liquid fuel into the sample 
line 32 (Fig. 26). These measurements, although incom- 
plete, nevertheless elucidate the interaction between fuel 
injection and the intake flow process. Measurements 
were made with an engine operating at q, = l, at 
1000 rpm and intake pressures at 0.4 and 0.6 bar. The 
fuel was injected by a conventional injector (with a fairly 
large droplet SMD, - 150 ttm) aimed at the back of the 
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Fig. 26. Sampling location in the inlet port for liquid fuel HC measurements. 32 
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valve. Four different injection timings (marked in 
Fig. 27) relative to the intake valve events were used. 
The measured HC profiles ensemble-averaged over 
many cycles are shown in Fig. 27. Also shown are the 
--- 1 standard deviation bands. In Fig. 27(a), injection 

was shortly before IVO (closed valve injection with short 
residence time). Before the inlet valve opens, there is 
some fuel vapor at the measurement location which is 
upstream of the injector tip. During the reverse backflow, 
the burned gas pushes the vaporized fuel in the intake 
port up the port, giving rise to an increase of HC at the 
sample location. When the forward flow commences, all 
this fuel vapor is swept into the cylinder. After IVO, 
there is a gradual increase in HC caused by the 
evaporation of the liquid film remaining on the port 
walls. The large standard deviation in the measured HC 
indicates that large cyclic variations in the fuel vapor 
concentration occur in the intake port, and this 
occurrence is typical of liquid fuel injection. With 
closed valve injection and long residence time 
(Fig. 27(b)), the build up of the fuel vapor before IVO 
is more prominent. With open valve injection (Fig. 27(c) 
and (d)), a relatively small amount of fuel vapor is 
detected at the sample location. 

A recent measurement using the FFID of the fuel 
vapor distribution in the intake port of a fuel-injected 
engine is reported in Ref. 34. The sampling geometry is 
shown in Fig. 28, with the injector ~15 cm from the 
valve. The sample lines were heated to prevent fuel 
condensation. Although it has not been demonstrated 
unequivocally that the measurement was not affected by 
the ingestion of liquid droplets into the sampling system, 
there is no erratic behavior of the signal. The space-time 
distribution of the fuel vapor in the first three cycles 
during start-up is shown in Fig. 29. The test condition 
was that the engine was crank-started so that the intake 
manifold pressure was ambient in these first three cycles. 
The fuel injected per cycle was constant, and was set to 
be equal to the average of the amount injected in the first 
few cycles in a real start-up. (There was substantial 
enrichment.) In the first cycle, because there was no 

Intake Valves 

- " . . 4  , ~ Fuel Injector 

II i 1 . 5  / / '  

i IVO lVC o.~ 
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| i | i i i I • 
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Fig. 27. HC time profiles measured at the location in Fig. 26. 
Engine running stoichiometric at 1000rpm, 0.6bar intake 
pressure. 32 (a) Injection shortly before IVO; (b) injection shortly 
after IVC; (c) injection shortly after IVO; and (d) injection 
shortly before IVC. The dot and dash lines denote _+ I standard Fig. 28. Sampling in intake port of engine in start-up. 34 FFID 

deviations, samples at different locations along lines I, 2 and 3. 



The fast-response flame ionization detector 111 

TDC (Intake) 

Engine Time, Degrees of Crank Angle 

20 

5 

:e, from 

, , , , ~  . ~ , v e ,  m m  
125 

Fig. 29. Distribution of fuel vapor in the first three cycles of start-up as a function of time and distance from the intake valve. 34 Equal 
amount of fuel (at substantial enrichment) was injected in each cycle. The vertical axis is the iso-octane equivalent of the fuel vapor 
mole fraction: 1% corresponds to 80 × 103 ppmC1. (Stoichiometric condition is at -126 × 103 ppmC1, or at 1.6% mole fraction 

equivalent.) 

previous-cycle fuel in the intake port, the fuel vapor 
build-up started after the commence of injection. During 
the forward flow, the fuel vapor was swept into the 
cylinder and the concentration in the port reached a 
minimum. In the second and third cycles, because of the 
evaporation in the port of the fuel remaining from the 
previous cycles, the fuel vapor build-up started before 
the injection. The fuel vapor concentration decreased up 
the port. There was, however, still significant build-up of 

fuel vapor at more than 10 cm from the port during the 
closed valve period. 

5.2. In-cylinder Measurements 

In-cylinder measurement of the charge hydrocarbon 
concentration can give considerable insight to engine 
behavior. Information of interest includes: the A/F ratio 
of the charge (especially at the time of ignition); the 
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variation of this ratio spatially within one cycle and 
temporally from cycle to cycle; the residual gas fraction 
of the charge. The post-flame HC signal signature can 
also be used to elucidate the in-cylinder storage and 
release HC mechanisms. 35 

A typical FFID signal trace from in-cylinder sampling 
is shown in Fig. 30. The signal was not corrected for the 
delay time between the sample inlet and the detector. 
Starting from the left hand side of the trace, the signal is 
low because of the burned gas left over from the previous 
cycle. As fresh charge comes in and mixes with the 
residual gas, the signal rises gradually. Meaningful 
deduction, however, could not be made from this part of 
the signal because during this period the FFID response 
is slow (due to the low sample inlet pressure during the 
intake process). As the cylinder pressure rises in 
compression, the FFID response improves. At some 
point in the compression stroke, the signal reaches a 
plateau level which signifies the pre-flame HC mole 
fraction. This HC mole fraction is lower than that of the 
air/fuel mixture because of the presence of residual gas. 
Then there is an abrupt drop in the signal when the flame 
arrives. The fall-time could be interpreted as the 
response time of the FFID since the flame traverse 
time across the sample inlet is negligible ( --< 0.1 ms). 
The signal remains close to zero when the sample inlet is 
exposed to burned gas. In the later part of the cycle, 
however, the FFID detects post-flame hydrocarbons 
which are released from crevices and oil layer. The 
signature of the FFID signal here depends on the location 
of the sample inlet, and it could be used to confirm 
features of the in-cylinder HC mechanisms such as the 
out-gassing from crevices and the roll up of the HC layer 
on the liner into a vortex as the piston ascends. 

5.2. I. In-cylinder measurement  o f  air~fuel ratio 

One of the first uses to which the FFID was put was to 
measure charge inhomogeneity and cyclic variability. 
Using a propane fueled single cylinder research engine, 
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Fig. 31, Various signals recorded during a fast throttle opening 
at 2000 RPM which increased engine torque from 5 to 98 Nm. ~9 
Mixture strength just before transient is stoichiometric. Engine 

management compensation strategy was disabled. 
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Fig. 32. In-cylinder HC mole fraction and gross IMEP as a 
function of cycle number and time since start of injection. 26 
Engine speed kept constant at 900 RPM; MAP = 0.5 bar; ¢ 
= 1.0 (based on the amount of fuel injected and the steady 
state air flow rate); spark timing fixed at 20°BTC; initial 
engine temperature ~20°C. Top: 720 cycles of data; bottom: 

first 150 cycles of data in an expanded scale. 
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The circle on each trace marks the first cycle of significant 
positive IMEP. The dash lines represent the amount if a fixed 

percentage of the injected fuel was not 'accounted-for'. 
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speed and valve overlap at 3, 21 and 39 degree-crank-angle. 29 

(Valve timing defined by 150/zm valve lift.) 

Sleightholme 36 studied the charge inhomogeneity in the 
cylinder for different degrees of pre-mixing in the intake 
port. An initial high concentration followed by a trough 
was observed in the in-cylinder HC concentration for 
poorly mixed charge, indicating mal-distribution in the 
intake stroke; though by ignition the charge was found to 
be relatively well mixed. This was reflected in a small 
dependence of the cyclic variability on the degree of 
initial mixing. 

Meyer and Thring 37 used two channels of a FFID to 
measure the A/F ratio at two positions on either side of 
the spark plug. They found small-scale charge inhomo- 
geneities, which, if greater than a threshold, correlated 
with deterioration in cyclic variability of IMEP. 

Abata and Wellenkotter 3s used a FFID in conjunction 
with in-cylinder photography to understand the transport 
of charge within the combustion chamber of a direct 
injection two-stroke engine. Qualitative differences in 
the fuel concentration at the time of ignition were found 

compared with conventional, premixed injection. With 
direct injection of fuel, ignition occurred in a substan- 
tially rich mixture: variations in stratification were 
thought to account for the large differences in fuel 
concentration at ignition. 

The lean excursion which occurs when the throttle is 
suddenly opened has been studied by Rose, Ladommatos 
and Stone. 39 The throttle position, air flow rate, injector 
pulse width and the in-cylinder FFID signal are shown in 
Fig. 31. The engine management throttle transient 
compensation strategy was disabled so that the fuel 
flow increment lagged the throttle opening by one cycle. 
The FFID signal showed that the cycle following the 
throttle opening was considerably lean. The width of  the 
FFID signal for this cycle indicated that flame arrival 
was significantly later than in a normal cycle because of 
the lean condition. 

Evaluation of the mixture preparation process for a 
port-injected SI engine in a simulated starting and warm- 
up process was reported by Fox et al. 26 The engine was 
motored with the speed fixed by the dynamometer. The 
throttle position was fixed and ignition was on at all time. 
Fuel injection began at time zero; the amount per 
injection was fixed. Although the procedure differed 
substantially from an actual engine crank-start in terms 
of engine speed, of manifold pressure transient and of 
fueling strategy, it was well defined, reproducible and it 
retained the pertinent features of the fuel evaporation 
process in an engine during warm-up. Typical in- 
cylinder HC mole fraction and gross IMEP are 
shown in Fig. 32. For the data shown in this figure, no 
fuel enrichment was used; i.e., the fuel equivalence ratio 
¢I, = 1, based on the amount of fuel injected and the air 
flow rate at steady state. The in-cylinder HC value builds 
up rapidly (within 5 or so cycles) to a • level of -0 .6 .  
This rapid build-up was attributed to the evaporation of 
the light fuel components at the port wall temperature. At 
this (I) level, the engine did not fire until the 20th 
cycle. The firing was then sporadic. Stable engine 
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operation was not achieved until the in-cylinder 4, value 
was --> 0.8. 

The in-cylinder FFID measurement may be inter- 
preted as the amount of fuel mass which has evaporated 
to form the combustible mixture in that cycle. The 
remaining fuel mass was labeled as the 'unaccounted- 
for' amount. This is the fuel that is stored in the port or 
the cylinder liner that would be released to the 
combustible mixture in later cycles, or the fuel that is 
' lost '  (either goes into the oil sump or goes to the 
exhaust). This 'unaccounted-for '  amount is shown in 
Fig. 33. The first firing cycles are also marked on the 
figure. Initially only about half of the fuel that is injected 
goes into forming the combustible mixture. The 
cumulative 'unaccounted-for'  amount is substantial 
(upwards of 10 or more injections). 

5.2.2. Measurement of  residual gas fraction 

A common measurement which requires the use of in- 
cylinder sampling is the measurement of the residual gas 
fraction. A fraction of the exhaust gas remains in the 
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cylinder at the end of the exhaust stroke and mixes with 
the incoming charge. The charge residual content has a 
significant impact on the combustion stability, flame 
speed, NOx production and knock characteristics. 

The residual gas fraction Xr in a firing engine at steady 
state could be deduced from the in-cylinder FFID 
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measurement of the unburned mixture. This is because 
the measured value reflects the dilution of the metered 
air/fuel mixture by the presence of the residual gas. It is 
noted that the FFID reading is a point-measurement that 
may not represent the overall value of Xr of the charge. 
Nevertheless, analysis of the ripples at the plateau of the 
FFID signal (see for example, Fig. 21), which are 
interpreted as a result of the charge non-uniformity 
within the cycle, indicates that the HC mole fraction is 
uniform to within - 12% 9. Thus the charge is quite well- 
mixed by the later part of the compression stroke. 

The residual gas fraction was measured by Galliot et 
al. 29 and by Ladomatos. 3° The residual fractions as a 
function of intake pressure, speed and degree of valve 
overlap are shown in Fig. 34. The fraction is highest at 
low speeds and loads. It also increases with increase of 
valve overlap. A correlation for Xr was developed based 
on this data, 4° see Fig. 35. 

The measured in-cylinder residual fraction may be 
compared with the gross IMEP of the same cycle. The 
comparison is shown in Fig. 36. At WOT (Fig. 36(a)), 
the residual fraction was low and there was no 
correlation between Xr and IMEP: the IMEP fluctuation 
was due more to the phasing of the heat release, resulting 
from the in-cylin~'er fluid mechanics rather than to the 
residual gas fraction (and thus energy content) in the 
charge. At low intake pressure (Fig. 36(b)), there was 
significant fluctuation in xr. The spread in IMEP is due to 
both the combustion phasing and the charge energy 
content. For the optimally phased cycles, the IMEP is 
thus proportional to (1 - x0. This relationship is shown 
plotted as the solid line in Fig. 36(b). 

5.2.3. Study o f  in-o'linder HC sources 

In an engine cycle, the fuel HC could escape the main 
combustion process by residing in regions of the 
combustion chamber that the flame could not reach; for 
example: in the crevices, in the oil layer and in the 
porous engine deposits. The storage and the post-flame 
release of these HC was identified as a major mechanism 
of HC emissions. 35 The features of these in-cylinder HC 
sources were studied by in-cylinder sampling using the 
FFID at appropriate locations. 4~-43 

The HC adjacent to the cylinder head wall was 
measured by Peckham and Collings. 4j The sampling 
arrangement and the HC traces are shown in Fig. 37. The 
trace obtained by sampling flush to the wall shows the 
abrupt drop of HC when the flame arrives. Later on in the 
expansion stroke and prior to the exhaust valve open, (at 
A), the HC level increases. The level increases again at 
B, early in the exhaust stroke, and then again at C, which 
is close to the end of the exhaust stroke. The increase at 
A is identified to be from the out-gassing from the valve 
seat and the head gasket crevices. When the exhaust 
valve opens, the HC level drops due to the mixing of the 
HC layer and the bulk gas in the blow-down process. The 
increase at B is caused by the arrival of the top land 
crevice gas which has been released in the expansion 
process and is now driven towards the exhaust valve by 

the piston displacement. Finally the increase at C is 
identified with the arrival of the roll-up vortex due to the 
scraping of the liner HC layer by the ascending piston. 

It is noted that the HC level at A is approximately 
constant within 1 mm from the wall and drops abruptly at 
2 mm from the wall. Thus the HC layer on the cylinder 
head wall is confined to --1 mm and it has a top-hat 
profile. 

A further article by the same authors 43 used a novel 
piston-mounted Transfer Tube to sample from the top 
land crevice. The configuration is shown in Fig. 38. The 
Transfer Tube is connected from the oscillating piston to 
the FFID head through a flexible loop. An unfortunate 
consequence of this method was that a relatively long 
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Fig. 38. Set-up of sampling system that rides with the piston. 43 
By rotating the sampling tube, the sample could be taken at 
close to the cylinder wall or at the center of the piston crown. 
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Transfer Tube (450 mm) was required to accommodate 
the movement of the piston without causing fatigue in 
the stainless steel tubing. This meant that the time 
constant of the sampling system would be long and the 
experiment could only be performed at low engine 
speeds (~500 RPM) for sufficient resolution of the HC 
signal. To prevent burn-out of the exposed part of the 
sampling probe in the combustion chamber, the engine 
was operated at idle condition. 

The HC traces obtained by this method are shown in 
Fig. 39. The solid line in this figure is the measurement at 
the top land crevice exit, --0.5 mm from the cylinder 
wall. The signal dropped at flame arrival (A); and then 
rose as HC was released from the crevice. The peak at B 
was caused by the additional crevice outflow when the 
top ring was unseated from the bottom of the ring groove 
and moved to the top of the ring groove. (This peak had 
previously been attributed to the release of HC from the 
crevice due to the lowering of the cylinder pressure as a 
result of EVO. Such is not the case because the engine 
was operating at idle, at which the cylinder pressure is 
close to atmospheric at EVO and there is negligible 
blow-down). 44 The peak at C was identified as the result 
of the scrapping of the HC on the liner by the ascending 
piston. In contrast, measurement at the center of the 

piston crown only shows feature C (dotted line in 
Fig. 39). 

5.3. Exhaust Measurements in Spark Ignition Engines 

Exhaust HC measurements constitute the majority of 
FFID applications. In sampling from the exhaust system, 
many of the difficulties associated with intake manifold 
and in-cylinder work are alleviated since the sampling 
pressure is approximately atmospheric, and pressure 
fluctuations are relatively small and thus can easily be 
accommodated by the sampling system. The signal 
during the exhaust period is of particular interest because 
it shows the materials which contribute to vehicle 
emissions. The fast response of the instrument enables 
recording of the engine unsteady behavior: in terms of 
cycle-to-cycle variations, of throttle transients, and of the 
starting/warm-up process. Two FFIDs are often used in 
tandem with the catalyst in between to evaluate catalyst 
performance. 

The use of the FFID signal from exhaust measure- 
ments may be divided into three types. First, the data can 
be used as a quick diagnostic for the HC emissions from 
the engine system. This application is especially useful 
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in the development process; for example, to compare the 
cycle-resolved engine HC emissions when the transient 
compensation or the engine warm-up strategy is 
changed. Second, the signature of the FFID signal from 
each cycle can be used to elucidate the HC mechanisms. 
Third, detailed analysis of the signal can be used to 
calculate the HC emissions in each cycle so that the 
emissions could be quantitatively related to the engine 
parameters. 

In the following the nature of the FFID signal in 
exhaust sampling is first discussed. Then examples of 
applications are given. 

5.3.1. Nature of the FFID signal in exhaust sampling 

Because the exhaust flow is unsteady, there is an 
uneven stacking of the exhaust gas in the port and runner. 
Since the FFID samples from a fixed location, the signal 
will depend on the position of the sampling inlet. The 
situation is illustrated in Figs 40-42 (from Finlay et 
a l  45). 

In Fig. 40 are shown the flow velocities in the exhaust 
(at positions corresponding to the marks A and B in 
Fig. 41 ). Starting from the left hand side of the figure, the 
flow velocity is zero before EVO. The first velocity peak 
is due to the blow-down flow from the cylinder when the 
exhaust valve opens (at 46 ° BBDC). This peak is 
followed by a brief period of negative velocity because 
the piston is still moving down when the blow-down flow 

terminates. Then the piston moves up and the exhaust 
flow velocity is caused by the piston displacement. When 
the intake valve opens (at 12 ° BTDC), the flow velocity 
becomes negative in the valve overlap period. 

The stacking of the HC emissions in the exhaust as a 
function of the distance from the valve is shown in 
Fig. 41 for different times in an engine cycle. The 
'boxes' in the figure represent the HC emissions exiting 
the engine in consecutive 5 ° intervals when the exhaust 
valve is open. A plug flow is assumed: i.e. there is no 
mixing between the content of the 'boxes'; in reality, 
there will be mixing so that the HC profile will be 
smeared out. Thus depending on the sampling location, 
the FFID signal as a function of time can be quite 
different. This is illustrated in Fig. 42. 

The details of the FFID signal may be related to the 
exllaust flow behavior. 45 The relationship is most evident 
when the sample inlet is closest to the exhaust valve and 
intermixing between masses exhausting at different 
times is a minimum. Referring to Fig. 42, the signal 
when sampling at 3 mm from the valve stem could be 
explained as follows. Before EVO, the sample is drawn 
from a stagnant volume of gas and the signal is constant. 
The first peak is due to the transport by the blow-down 
flow of the unburned fuel that may leak past the exhaust 
valve during compression and in the early stage of 
combustion, or the amount that corresponds to the 
unburned HC from the crevice regions of the valve seat. 
After the blow-down flow, the brief flow reversal period 
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(see Fig. 40) may cause the tail-end of the previous slug 
of HC to move backward and forward around the 
sampling point and contributes to the following small 
peak. After this peak, the level rapidly falls as the 
majority of the exhaust passes through the port. Towards 
the end of the exhaust stroke, the concentration rises and 
constitutes another peak as the HC in the 'roll up' vortex 

between the rising piston and the liner is expelled. After 
EVC, the gas is stagnant and the signal remains constant 
until another cycle. 

5.3.2. Calculation of HC emissions per cycle from the 
FFID signal in exhaust sampling 

To obtain the HC emissions from each cycle, the 
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sampling needs to be done at a location which is outside 
the highly non-uniform mixing region at the cylinder exit 
to minimize spatial variation across the exhaust flow, but 
which is sufficiently close to the cylinder exit to capture 
the HC exhaust profile of each cycle. The cycle-resolved 
emissions are calculated from weighting the instant- 
aneous HC concentration by the instantaneous exhaust 
mass flow rh (which is obtained from the measured 
cylinder pressure history). The mass averaged HC 
emission per cycle is thus 

I 
t ( I V O )  

t(EVO)XHcm dt 
XHC = ft(IVO) . (28) 

J t(Evo)m t 

To evaluate the above expression, care must be taken 

to account for both the sampling system delay and the 

gas displacement effect caused by the finite distance of 

the sample inlet from the cylinder exit so that the portion 

of the FHD trace corresponding to a particular cycle can 

be identified. For example, the first HC the instrument 

sees in a 'real time' cycle is actually the HC from the 

previous cycle that has been sitting in the port when there 

was no exhaust flow, and is now displaced by the 'fresh 

flow' of exhaust gas. Thus the limits of integration in Eq. 

(28) are at the times of arrival of the first and the last 
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Fig. 43. Comparison of the FFID hydrocarbon measurement and 
a conventional FID exhaust analyzer for an engine at steady 

state condition. 46 

mass element that exits the cylinder in the particular 

cycle. 
There is also an inaccuracy in Eq. (28) because it does 

not account for the reverse flow periods: in the brief 
period after blow-down when the piston is still descend- 
ing and in the overlap flow period (see Fig. 40). The error 
is small at WOT condition, but it may be - 1 0 %  under 
part load. 46 

For steady state conditions, the average emissions per 
cycle as calculated from Eq. (28) agrees with the 
conventional FID exhaust measurement (see Fig. 43). 
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5.3.3. Examples of exhaust flow FFID measurements 

The FFID is now widely used as an exhaust HC 
emissions diagnostics tool in engine system develop- 
ment. From the cycle-resolved emissions, misfired and 
partial-burned cycles could easily be identified. Boyle, 
Boam and Finlay 47 used the FFID to aid the development 
of a pre-vaporized fuel injector for spark ignition engine. 
Tudor 48 used the FFID for evaluation of an electronic 
throttle control system. Many of the applications in 
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Fig. 44. FFtD measurement of HC concentration history in the 
exhaust port (at the vicinity of the valve) for five non- 
consecutive engine cycles (every third) showing significant 

leakage. Engine at 1300 RPM, 330 KPa IMEP,et. 49 
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Fig. 45. Comparison of the exhaust HC emissions when the top 
land crevice is modified. ~ Solid line is for the original 
unmodified piston. Dotted line is for the piston with top land 
crevice increased by 85% (when cold). Data obtained from 1000 
cycle average. Error bars indicate l standard deviation of cycle- 
to-cycle variations. The sample line delay was corrected for, but 
not the transport time from the cylinder exit to the probe inlet, 

which was at 15 cm from the valve seat. 
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for description of sampling conditions. 
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engine development, however, have not been reported in 
the open literature. 

The signature of the FFID signal also provides 
valuable information about the engine behavior. Meernik 
and Alkidas 49 used the FFID to detect exhaust valve 
leakage. A typical FFID signal when sampled at the 
vicinity of the exhaust valve which has significant 
leakage is shown in Fig. 44. This signal may be 
compared to that from a normal engine (see for example, 
Fig. 42). In Fig. 44, prior to EVO, there is a substantial 
level of HC detected due to the leakage. The method 
could detect cycle-to-cycle variations of the leakage. 

The FFID signature was also used to elucidate the 
crevice HC mechanisms. The effects of piston top land 
crevice modification on HC emissions were studied by 
Min, Cheng and Heywood, 46 by Thompson and 
Wallace, 5° and by Boam et al. 51 The different effects 
on the HC signature caused by the piston top land crevice 
and the head gasket crevice were examined in Ref. 46. 
With regard to the piston top land crevice, the FFID 
traces obtained in an engine using the original piston and 
using a piston with an increased top land crevice volume 
are shown in Fig. 45. With an increase in top land 
volume, the HC associated with the displacement flow 
(i.e. the 'trough' part of the signal) did not change 
significantly and remained at a low level. The increase in 
engine-out HC mainly occurred in the part of the trace 
associated with the scrape-up vortex; i.e., during the late 
part of the exhaust process. This observation is 
consistent with the conjecture that the piston crevice 
gas is contained in the scrape-up vortex. A similar 
conclusion was reached in Ref. 51 in which the HC trace 
from using a standard piston was compared to that from 
using a piston in which the top land crevice was 
eliminated by a PTFE seal. 

Shown in Fig. 46 is the comparison between the FFID 

traces from an engine with negligible head gasket 
crevice and from the same engine with the introduction 
of an artificial head gasket crevice of volume equal to 
39% of the original total (piston top land and first ring 
groove, plus all thread crevices) crevice volume. When 
the head gasket crevice was introduced, the HC 
emissions level during the displacement flow increased, 
while that associated with the scrape-up vortex remained 
the same. The head gasket crevice HC probably exited 
the cylinder during the blow down process. In the 
experiment of Ref. 46, however, because the sample 
location was located 15 cm from the exhaust valve seat, 
this HC was not detected until the displacement flow. 

Comparing the FFID exhaust sampling signature 
obtained from a normal engine and one which operates 
in a stratified mode with EGR as the 'buffer' gas, 
Jackson et al. s2 concluded that the reduction in HC 
emissions with the stratified EGR mode was a result of 
shielding part of the piston crevice from unburned 
mixture by the EGR buffer gas. 

An important application of the FFID is in the 
evaluation of catalyst behavior. Exhaust catalysts are 
essential to modern-day emission reduction systems; an 
operating catalyst is > 95% efficient. Performance is, 
however, limited by the time taken to 'light off' or reach 
the operational temperature. A typical application 
involves sampling from before and after the catalyst to 
calculate the efficiency of HC removal as a function of 
time and catalyst temperature. Typical upstream 
(feedgas) and downstream (tailpipe) HC emissions 
obtained by the tandem FFIDs are shown in Fig. 47(a). 
In Fig. 47(b) is the enlarged view of these emissions 
during a gear change. Hydrocarbon breakthroughs could 
easily be detected. 

The oxygen storage capacity of a catalyst was studied 
by Smedler et al. 53 using the catalyst as a flow reactor in 
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Fig. 47. (a) Typical FF[D signal from sampling from upstream (feedgas) and downstream (tailpipe) of a catalyst; European drive 
cycle. (b) The emissions during a gear change shown in expanded scale. 
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the laboratory. An artificial exhaust stream (with 
appropriate amount of CO, CO2, H2, H20, 02, NO, N2 
and propene as the hydrocarbon) was used as the 
feedgas. The response of the catalyst out CO and HC 
to a step increase in CO concentration is shown in Fig. 48. 
Because of the oxygen storage in the catalyst before the 
transient, the downstream CO and HC do not increase 
immediately after the step. The CO concentration 
equilibrated after - 2 0  times the catalyst residence 
time; the equilibration of the HC is much longer, at 
> 170 times the residence time. The oxygen storage of 

the catalyst, No2 (in moles), is calculated from: 

No2 = FTotaJ f'ti, { O.5[Xco(SS)- Xco(t') ] (29) 

+ 4.5[Xc3H6(SS ) -- XC3H6(/')] }d t '  

where FTotal iS the total molar flow rate of the gas through 
the catalyst and ss denotes the value at steady state after 
the step. 

cleaned often by pushing a small diameter wire through 
the tubing, and in many applications a filter may be 
placed upstream of the FFID. When a filter is used, the 
weight of the materials collected may be used to measure 
the particulate matter emission. (For this purpose, the 
mass flow through the filter needs to be measured.) The 
fast response time of the FFID enables the observation of 
engine behavior in transients. 

The HC emissions history in the first few hundred 
cycles of cold-starting a diesel engine were measured by 
Yassine et al. 54 Arcoumanis and Megaritis 55 developed a 
method to obtain real time measurement of the diesel 
engine particulate emission using measurements with a 
FFID and with an opacity meter which also has fast 
response. The method is based on the observation 56 that 
at steady state, the particulate emission can be correlated 
to the opacity and HC measurements by: 

PM = i.038 C + 0.523 HC (Naturally aspirated engine) 

(30a) 

5.4. Diesel Exhaust Measurements Using the FFID 

In diesel engines, the HC emissions come from both 
the fuel due to incomplete combustion and from the 
lubrication oil in a partially burned or cracked state. 
When the exhaust gas mixes with the ambient air and 
cools, the HC condenses on the particulate matters and 
contribute to the organic fraction of the particulate 
emission. This process is usually simulated in the 
laboratory or standard testing environment via a dilution 
tunnel. The measurement technique for the engine-out 
HC in diesel engines is the same as that in SI engines, 
except that the particulate emissions from the engine 
could cause frequent blocking of the tubing in the 
sampling system. In practice, the sampling system is 

PM = !.044 C + 0.784 HC (Turbo-charged engine) 

(30b) 

(The coefficients used in the above equations 55 are 

slightly different from those used in Ref. 56.) Here PM 
is the particulate matter loading (mg m-3), HC is the 
hydrocarbon mass concentration (mg m -3) which is 

obtained from the FFID hydrocarbon mole fraction read- 
ing and using a mean hydrocarbon molecular weight of 
13.85, and C is the carbon mass concentration (in 
mg m -3) derived from the opacity meter reading. Its 
value is correlated to the Bosch smoke number Bn by: 57 

C = 5 8 1 . 4 [ - I n ( l -  0. lBn)] 1'413 (31) 
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The relationship between Bosch number and opacity 

meter reading is given in Ref. 58. 
Arcoumanis and Megaritis 55 applied the steady state 

correlation (Eq. (30)) to the instantaneous FFID and 
opacity meter data for step transients in speed and load in 
a diesel engine. They compared the cumulative particu- 
late emissions calculated from these data and the amount 
collected on a filter in the diluted exhaust. The agreement 
was within 20% for all the test cases; thus the 
comparison lends support to the validity of using 
steady state correlation of Eq. (30) for the transient data. 

6. C O N C L U D I N G  REMARKS 

The fast-response flame ionization detector (FFID) 
was in use for almost a decade and has become an 
important diagnostic tool for analyzing hydrocarbon 
emissions from internal combustion engines. The fast 
response of the instrument (time constant of a few 
millisecond) enables it to be used in the studying of the 
unsteady engine processes both within a cycle and from 
cycle to cycle. This review summarizes the principle and 
properties of the FFID, especially the sampling system 
which isolates the pressure pulsation at the sample inlet 
from the ionization detector so that an unambiguous 
hydrocarbon measurement could be made. Then prac- 
tical working experience and application examples are 
given to illustrate the versatility of the instrument. The 
scope of the review was limited to engine applications so 
that other important usage of the instrument is not 
covered; for example, in using the FFID as a detector of 
hydrocarbon released as a tracer to study the dispersion 
and transport process in the atmosphere or in piping 
systems. The purpose of the review is to give a tutorial on 
the FFID and to document its behavior so that the users 
can obtain a comprehensive understanding of the 
instrument. Though the FFID is a complex device, we 
expect that with increasing usage, the users will gain 
sufficient familiarity with it to regard it as a 'standard' 
piece of equipment. 
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N O M E N C L A T U R E  

A Tube cross-section area ( = ~rd2/4) 
aT Isothermal sound speed ( = ~(RT)) 
Bn Bosch smoke number 
C Concentration 
d Tube diameter 

D Molecular diffusivity 
f Pipe flow friction factor; see Eq. (9) 
HC Hydrocarbons 
K Effective longitudinal diffusivity for Taylor 

diffusion 
L Tube length 
L* Extent of backflow of burned gas into the intake 

port 
rh Mass flow rate 
OF Valve overlap factor; see caption of Fig. 35 for 

definition 
P Pressure 
Pc ' Pressure at the constant-pressure chamber 
Pi Sample inlet pressure of FFID 
PM Particulate matter 
6Pc Fluctuation of CP chamber pressure 
z~P Pressure difference across the tube 
P* Downstream pressure at choking 
R Gas constant 
Re Reynolds number based on the tube diameter 
RPM Revolution per minute 
rc Compression ratio 
s Entropy 
Sc Schmidt number ( = D/I~) 

t Time 
T Temperature 
u Velocity, mass averaged over flow cross-section 
u 1 Entrance velocity 
V CP chamber volume 
x distance 
Xr Residual gas fraction 
p Density 
o Parameter describing the width (in time) of the 

weighting function for signal averaging by 
laminar Taylor diffusion; see Appendix B. 

¢ Fuel/air equivalence ratio 

¢* HC equivalence ratio; = XHC/XHC; stoichiometric, no 

residual) 

rc Integrating time constant as a result of Taylor 
diffusion along the tube 

rt Transit time 
t~ Viscosity 
Xco Carbon monoxide mole fraction 
XHC Hydrocarbon mole fraction 
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APPENDIX A 

Response of flame ionization detector to different 

compounds; response normalized using n-heptane ---- 

7.0. Data from Refs. 2, 9 and 10. Repeated values are 

from different sources. 

Family Compound Carbon atoms Normalized 
in molecule response 

Alkanes methane 1 1.02 
methane 1 0.9 
ethane 2 1.98 
ethane 2 1.89 
propane 3 2.98 
propane 3 2.84 
n-butane 4 3.78 
2-M propane 4 3.78 
n-pentane 5 4.94 
n-pentane 5 5.24 
2-M butane 5 5.29 
iso-pentane 5 4.69 
n-hexane 6 5.98 
n-hexane 6 6.20 
2-3-dM butane 6 6.20 
2-2-dM-butane 6 6.13 
3-M-pentane 6 6.26 
2-M-pentane 6 6.32 
n-heptane 7 7.00 
2-3-dM-pentane 7 6.93 
2-M-hexane 7 7.14 
3-M-hexane 7 7.14 
2,2-dM pentane 7 7.14 
2,4-dM pentane 7 7.14 
3,3-dM pentane 7 7.21 
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Family Compound Carbon atoms Normalized 
in molecule response 

n-octane 8 7.91 
2-2-4-tM-pentane 8 7.98 
2M-3E-pentane 8 7.82 
2-3-dM-hexane 8 7.9 
n-nonane 9 8.78 
2,3,5-tM bexane 9 8.60 
2,2-dM heptane 9 8.69 
2,4-dM-3E pentane 9 8.87 
2,4,4-tM hexane 9 9.05 
2,2,3,3-tetraM- 10 10.09 
hexane 
2,2,4,5-tetraM- 10 9.94 
hexane 
3,3,5-triM-heptane 10 9.84 
n-dodecane 12 11.6 

Cyclo alkanes cyclo-propane 3 2.93 
cyclo-pentane 5 4.73 
methylcyclopentane 6 5.93 
methylcyclopentane 6 5.58 
cyclo-hexane 6 6.04 
cyclo-hexane 6 5.58 

Alkenes ethylene 2 1.92 
propylene 3 2.88 
2-methyl-pentene 6 5.76 
cyclo-hexene 6 5.61 

Alkynes acetylene 2 2.58 
Aromatics benzene 6 5.95 

toluene 7 7.05 
p-xylene 8 7.42 
o-xytene 8 7.56 
o-xylene 8 7.8 
m-xylene 8 7.71 
Cumene 9 9.20 
t-B benzene 10 9.56 

Ethers di-ethyl-ether 4 3 
di-isopropyl-ether 6 5.01 

Ketones acetone 3 2.06 
2-butanone 4 3.16 

Aldehyde n-butanal 4 3.13 
iso-butyraldehyde 4 2.83 
n-heptanal 7 6.33 
n-octanal 8 7.08 
n-decanal 10 8.94 

Esthers ethyl formate 3 2.06 
methyl acetate 3 2.05 
propyl formate 4 3.02 
ethyl acetate 4 2.49 
ethyl acetate 4 3.0 
n-propyl formate 5 3.97 
n-butyle formate 5 3.97 
n-propyl acetate 5 3.75 
n-propyl acetate 5 3.95 
n-butyl acetate 6 5.05 
isobutyl acetate 6 4.76 

Alcohols methanol 1 0.75 
methanol 1 .5 
ethanol 2 1.7 
ethanol 2 1.5 
n-pmpanol 3 2.56 
n-propanol 3 2.5 
iso-proyl alcohol 3 2.2 
n-buthanol 4 3.56 
iso-butyl alcohol 4 3.59 
sec-butyl alcohol 4 3.36 
tert-butyl alcohol 4 3.78 
n-bexanol 6 5.36 
n-octanol 8 7.8 
n-decanol 10 9.4 

APPENDIX B 

Notes on time constant associated with the longitudinal 

diffusion of concentration in a small tube 
The Taylor diffusion problem for a laminar com- 

pressible flow was analyzed by Smith. 25 Using Laplace 
transform techniques, the concentration C(t) at the tube 
exit may be related to the concentration C~ at the tube 
entrance at prior times: 

3 

1 2exp I C(t) = I0d t  ' (21ra2) ~ 7 J  

C l ( t - t ' )  (BI) 

Thus the output C is equal to the weighted integral of 

the entrance concentration C~ at a prior time, with the 

maximum value of the weight at t' = rt, the transit 

time. The 'full width' of the weighting function (at the 

lie points of the exponential function in Eq. (B1)) is 

defined by the parameter ~r (which has the dimension 

of time): 

rc = 2X/~o 1 - = 2X/2o (B2) 

which has the dimension of time and could be interpreted 

as an effective integrating time constant of the Taylor 

diffusion process. For incompressible laminar flow 

2 ~  (B3) 
° =  w U 3 

where K is given by Eq. (20). Comparing Eqs (B2) and 

(23), 

* - - 1  * * rc = re eft  (0.8) = 0.91 rc ~-- rc (B4) 

Hence we shall not make the distinction between rc and 

r~ and interpret rc as the integrating time constant. The 

values of rc and o are related by: 

re = 2.560 (B5) 


