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Abstract—— A laboratory experiment to reinforce 5- to determine the Peclet number and the diffusio
the basic concepts of non-ideal flow is described. It parameter, and to compare the resulting values with
consists of simple pulse-response measurements for  those derived from existing correlations.
gas that is flowmg th!rough an empty and a packed Il BACKGROUND
bed. It can provide information on the residence- _ i )
time distribution function and other vessel parame-  Although the relevant theory is available in sel/ezat-
ters. Experimental results are compared with those P0Oks, the main concepts and equations are reviewed
predicted by the axial dispersed plug-flow model in here in order to facilitate the analysis of expenital

order to obtain the Peclet number and the dispersion  data.As an introduction to the subject, the concept of
coefficient that characterize the flow behavior. distribution function is reVieWed, and then the iRes

dence-Time Distribution Function (RTDF) of a vessel
with constant flow is presented. This dimensionless
function, called F(t) by Levenspiel (1972) and Fogl
I.INTRODUCTION (2006), is defined as the fraction of the exit atnewith

%:1 age minor or equal to t. Consequently dF(t) ctvié

the fraction of the exit stream with a residenceetibe-
tween tand t + dt, is the following:

Keywords—— Non-ideal Flow - Axial Dispersion -
Residence Time.

Undergraduate students at PLAPIQUI receive a form
course on kinetics and reactor design in the foyetr
of their chemical engineering studies. Followingllwe
known reactor-design textbooks (Smith, 1981; Levens dF(t) = E(t)dt. (1)

piel, 1972; Froment and Bischoff, 1979; Butt, 1980;

Fogler, 2006), the basic design equations aredoted The E(t) function is also used as a RTDF. It is th
under the assumption of ideal flow behavior. Thaeno time derivative of F(t) and gives the fraction bétexit
realistic non-ideal situation, mainly arising fromstream that has a residence time equal to t. Conse-
changes in the expected residence-time distribui®n quently the relation between F(t) and E(t) funcios
then presented. The inherent difficulty of this jsesb emphasized. For a vessel of unknown mixing behavior
may in part be overcome by experimentation. Cons¢he RTDF could be obtained by stimulus-response ex-
quently a laboratory experiment has been set upuin periments; a pulse-response experiment leads ljitect
advanced Chemical Engineering Laboratory course. B(t), while a step-response experiment providesigho
consists of a simple stimulus-response experimelnt f information to evaluate the F(t) function. In tharher
lowed by qualitative and quantitative analysis bé t case, a fixed amount of tracer (M) may be injedted
elution curves by using the theory detailed in teac short period of time into the carrier flow. Dispiers
textbooks. The necessary apparatus can be setingp usffects in the vessel volume will lead to a concatian-
common pieces of equipment that are no longer fed versus-time curve, which allows the calculationthog
research work due to their technical obsolescefibe. fraction of fluid with an age t as follows:

measurements and subsequent data analysis allews th E(t) = (C)QY M, 2)
students to reach the following objectives: ~where C(t) is the tracer concentration at timent, i

1- to observe deviations from plug-flow behavior i mole/cnd, and Q is the volumetric flow-rate in
an empty and packed bed tube. cmémin.

2- to estimate the dead volume of the connecting
lines and the void volume of a packed bed.

3- to determine the residence-time distributio
function for an empty and a packed bed tube.

4- to compare the concentration-versus-time curv
with the prediction of the axial-dispersion model

The mean residence time, defined as the ratio be-
fween the reactor volume and the flow-rate (V/Qu) t
is often introduced in Eq. (2) to obtain a dimentegs
égsidence timef=t/t,,. If E(t) dt is the fraction of fluid
with a residence time between t and t + dt, itoiol
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that E@) d8 is the fraction of fluid with a residence time _ - 1/2{ ) 2 }}
betweerf and @. Consequently, E®)=cey G /2( Pg/n) exﬁa Eeé 19) / (D
For large extents of dispersion, where the respons
E()dt=EE)® and 3 to a pulse input leads to an unsymmetrica®)E(nc-
E®) = E(t)df ® = E(t)t, =E(t)Y C tion, the solution of Eq. (10) depends on the inggos
) . boundary conditions. Our experimental set-up can be
Using Eg. (2) we obtain, described as a “closed vessel” because mixingspredi
E®) =[(CHQ) Mt,] 4 sion effects are practically absent at the boursain
=C(t)/(M/V)= C(t)/C,’ @ this case, it is impossible to obtain an analyt®alu-
where @', which is the amount of tracer divided by thetion' However, an approximate equation (see Ed4). (1
’ ) . and (13)) has been given by Froment and Bischoff
reactor volume, is not a true concentration. Foessel

of unknown volume, the mean residence timeduld (197.9)' that allows the prediction of the@function
be obtained from experimental data taking into aoto for different values of the P@umber.

that t, is the mean value of the E(t) function defined as, (-1)" 80,2
T « | 4o’ +4Pe +Pg
t,= [tEQ) dt. (5) E()=e™ i 12
d O [opg va)]| @2
exp| ——*
Replacing E(t) by Eq. (2) and taking into account P 4Pe
that: ip
w _ &€ %
t = . 13
M =Q [ C¥dt, 6) NG - pe (13)
0

Despite the complexity of these equations, thd-eva

. . uation of function H) is simple because the roots of
t = Dt C dt} /U C dﬁ_ (7) Eq. (13) as function of the P@umber are available in

° 0 the literature (Carslaw and Jaeguer, 1959). To coenp

the E@) function for different Penumbers, a simple

In order to use discrete C(t) versus t values,(Ej. program was written using an Excel work sheet.sSati
can be written as: factory results for Re< 40 were obtained by including

t = C At . only four terms in Eq. (12). Consequently this di
" {Zt' C ' At}/{z QM} ®) car?/ be fitted to expgrir;ergtal data ?n ord?—:{r to mﬂ:

In the reactor design course the students le@h thhg nymper for vessels that exhibit a large deviation
the re§|dence-tlme distribution function is t_hey_)m- from plug-flow behavior. The values obtained frdmst
formation needed to calculate the conversion iR& 1, ocedure can be compared with those estimated from
reactor in the case of first-order reactions. Famlimear jieraryre correlations that summarize theoretiaat
kinetics the conversion will depend on the exteht %xperimental data on the Peclet number for differen
mixing. Consequently a model that describes the 80 qq, situations. For laminar flow of fluids in empt
fluid in the vessel is required. tubes the Peclet number is given by the Taylor-Aris

The dispersion model is commonly used to accoug@rrelation, in terms of Reynolds (Re > 1) and Sichm
for deviations from plug-flow behavior in tubulagac- (Sc > 0.23) numbers (Butt, 1980);
tors. In this model the spreading of a tracer iwihed YPg =4 Rg Sc (+ Re $¢ 1, (14)
to diffusion and convection in the axial directidtow-
ever, it has been shown (Butt, 1980) that the model
be applied to more complex situations that incloae

the mean residence time is given by:

where Peclet and Reynolds numbers are based on the
tube diameter (d);

dial diffusion, which is important in laminar flovand Pe =vd DO (15)
the flow qf fluids through papked bed§. o Re, =(dy Yt , (16)
A basic mass balance in the axial direction for an
empty tube leads to Sc=y/pD, . @a7)
dC/5t = Da[ES2 (o2 ¥4 }— vo @3 .. 9) The other variables are the carrier-gas dengijy (
If we are dealing with a packed-bed reactor, equébe carrier-gas viscosityl] and the molecular diffusiv-
tion (9) corresponds to a pseudo-homogeneous moddY,Of the tracer ().
In dimensionless form the equation can be writn a The Taylor-Aris correlation adequately represents
) _ 2 )2 experimental information from long empty tubes, vehe
6(C/C° )/69_( D./ VL)[S (QCO)/(6Z) }_, (10) ax%l dispersion predominates (Wgn anpdyFan, 1995).
8(c/c,)/8z the other hand, for gases flowing through packedsbe

the appropriate correlation of the Peclet numbéih e

For a pulse of tracer on a fluid with small dispen system properties is:

effects, the solution to Eg. (10) is:
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priate to study the flow behavior on the packed Géu
high molecular diffusivity of H in N, avoids the pres-
ence of diffusion resistance in the porous solii cAn-
necting lines are constructed with 1/16” SS tubing
minimize the dead volume. The TCD power supply has
an amp-meter to adjust the filament current (150i-mi
amps).

Sl The TCD signal is sent to X-Y Houston Instruments
packed | 2000 Series chart recorder, which allows a lardecse
il tion of millivolt (Y) and time (X) scales.

Vaive Porous and non-porous solids like alumina pellets,
glass beads, etc. of different particle sizes &ered to

the students as optional packing to perform theegxp
ments.

/ Sample

Metering
Valve Sampling
Valve

TCD Cell

Chart

Recorder

Flowmeter

H2 or CH4
Cvlinder

Soap bubble flowmeter

IV. EXPERIMENTAL PROCEDURE

In the laboratory the students are briefly intragtilico
Figure 1. Schematic diagram of the apparatus facetr ex- the use of the TCD (how to select the gas pair|dbp

periments. size, and the current value) and the X-Y chart néeo
_ The main instructions and recommendations given to
YPs, = [ O}é( Rg SH * the students are:
O.l}/[l+3.8 Re Sé[):|, (18) » the carrier flow rate should be set in the 50-200
P cm’/min. range.

» the system should be thoroughly purged before
where Peclet and Reynolds numbers are now basedtgB TCD is turned on.

the particle dimension (i « the X-Y recorder should be zeroed and the pen

Pg =ud/ D (19) speed and range settings should be selected tim @rta

_ output profile that makes full use of the papertha

Rq,p _(Vd" p)/u. (20) » the tracer pulse should be introduced by turning

To calculate the intersticial velocity u (u ==N/the  the sample valve and starting the recorder at dmees

interparticle porosity is required. time, i.e. as simultaneous operations.

» the experimental conditions should be observed

I11. EXPERIMENTAL APPARATUS by taking into account the assumptions and linotegi

The apparatus used for pulse- or step-responseriexp@f the theoretical model to be used for the analysdi
ments is schematically shown in Fig. 1. It consifta.  data.

N, or Ar supply line, with a Brooks regulating valte  the elution profiles for an input pulse at a consta
adjust the flow of the carrier gas. The flow fimtsses flow-rate without a vessel should be obtained wita
through the reference side of a GOW-MAC thermag¢mpty tube and with a bed packed with a selectid. so
conductivity detector (TCD) model 10-285, held at The measurements may be carried out by a team of
room temperature, and then enters a 6-port Valos satwo or three students in a three-hour session.

pling valve. Subsequently, the carrier gas is senhe V. RESULTSAND DISCUSSI ON

empty- or packed-bed reactor. A stainless steed Wb ) ) )
= 112 cm; d = 1.13 cm; V = 112 &nsimulates the Figure 2 shows the typical peak height (h in musus

empty tubular reactor to be studied. An acrylidryer  time-elution (t in sec) profiles due to a pulsetbfin-
(L=25cm; d=25cm; V= 120.3 &nis used as a jected into an M flow-rate of 97.3 crfimin. These
packed-bed reactor. The cylinder ends have threadgdfves were drawn by selecting h values at conAtant
aluminum caps to load or unload different packing m Intervals from the raw data. The curves clearlyeifn
terials. The reactor outlet is connected to the iam the position and intensity of the peak maximum alsé
side of the TCD, where the output pulse shape is r& .the amount qf dispersion. In the absence of ssele
corded. The flow-rate is measured with a soap tubbfFig: 2-2) there is a fast and intense responseriie
flow-meter. experiment is performed with an empty vessel, the

Methane or hydrogen, and argon or nitrogen Cou|%pread|ng of the tracer gives a less intense aadyne
be used as tracer and carrier, respectively. Twetris Symmetrical peak. This fact take place even when th
injected into the proper carrier by means of a 38 rg3|dence time increases by a_factor of 60, as shnw
loop (0.4 cr). For the empty-tube experiments methFig- 2-b. When using the acr_yllt_: vessel loaded wibh
ane is selected as tracer because it has low ntatecu©Uus 0-Al;Os pellets, the deviation from plug-flow be-
diffusivity in Ar. In addition, the difference irhermal havior is greater. Consequently, the response curve
conductivity of these gases is adequate for TCRaet Fig. 2-c becomes broader and the peak asymmetry in-
tion. On the other hand, the, 4, pair is more appro- Creases.
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Table 1. Preliminary calculations based on the gguésponse
experiments presented in Fig. 2.
1600 140 n n
s Calculations Without Empty Packe;d Usmg_
1400 - 120 avessel vessel vessel equation
a) Mass balance
1200 .+ o | 100 (Mv x s) 1589 2205 2281 (20)
s . <0 B
£ o 1000 . ge Mean residence
EFEN . teo £5 ime t, (5) 1.2 65.9 53.3 )
23 " ) A8, . | 6o E § Volume of con-
g2 e . " e %3 necting lines and 2 107 86.5 Q xid
w00 11 N o w0 *3 vessel (cr)
. R NN " Maximum concen-
200 4 N e tration of output
i l et R i Dulse 9.96 066 0321 (21)
0 20 % 60 80 100 120 Cra{imol/cn?)
Time (sec.) " Cylindrical pellets ofa-Al,0; pellets (g@= 3.5 mm; | = 3.5 mm)

Figure 2. Output signal of a,Hpulse injected into a Nlow. . .
a) dispersion due to connecting lines; b) emptyseksc) According to the supplier, tha-Al,O; pellets have a

packed vesse# mean residence time. Q= 97.3%min packing density of 1.12 g/cinan apparent density of
o . 1.85 g/cm and a pore volume of 0.27 &g. Therefore,
‘As a preliminary assignment, the students are rgye yoid fractions between pellets and due to pares
quired to perform a mass balance taking into actoup 39 and 0.30, respectively. Consequently, the erpe
cause it only depends on the injected amount ektra ;red value.
In other words, The maximum concentration of the output pulse is
T _ reported in the last row of Table 1. In the absesica
M=Q .([ Cadt —az h(mv t (sec, (1) vessel and due to the lack of dispersion, the Isigia!-
ue is obtained, although it may not be the trueeaue
€ . to the non-linear response of the TCD. For both the
In addition, the students can calculate the mean r empty and packed vessel, the maximumcHncentra-

dence time using Eq. (8); from this quantity ane thyon is strongly attenuated due to diffusion anspei-
flow-rate, the void volume of the connecting lindse sion effects.

empty vessel and the packed bed is estimated. T2 T Thegse results demonstrate that the assumption of a
signal h (mv) may easily be converted to conceioimat «cjosed vessel” for our experimental set-up is ogas

values by using the following equation: able because the dispersion of the tracer takese pla

wherea is a constant.

mainly in the vessels. Consequently, experimergal r

C(t)(umol/ en?) = (22) sults )éould be compared with 1hoseypred§)cted byaequ
[M(HmOD h(mv)]/[ Q(cmi/ min)A( mv se] ' tion (11) or (12) in order_ to estimate the modeiapae-

ter. To obtain the experimental RTDF,0EE C@©)/C,’

The RTDF E@) is then; Eqg. (22) is applied to selected h values at cohghn
intervals. The experimental &(curves were fitted with
E@=Cct/C'd MK QA/(MV) . (23) Eas. (11) and (8)[,) using the%(eclet number asdhes@a
=(hV)/(QA)=(W A)t, ing parameter. The results obtained using, @itracer

) . . ) for the empty and packed vessel are plotted in.RBgs
Typical results for experiments carried out with & anq 4, It is observed that the deviations from glog

N, flow-rate of 97.3 crfimin are shown in Table 1. The penayior are well represented by the dispersionehod

reason for a large deficit in the mass balancénad- sing a Peclet number of 500 for the empty vessel,a

sence of a vessel is the non-linear behavior ol  yaye of 28 for the packed vessel. These modelipred

due to the high kiconcentration. For the empty vesseljons could be compared with the values derivednfro

and the packed vessel the mass balance givesr@osegqys (14) and (18) mentioned above. Taking into ac-

sults. Table 1 also shows that the mean residémee t cont the Ar properties at normal pressure and éeaap

for the H pulse in the connecting lines can be neglecteg e the average gas velocity and the tube diayribie

in comparison with the values obtained for an enwty g¢ ang Re for the experiments reported in Fig.e3Sar

packed vessel. Taking into account the flow-raié e - o gg and Re= 14.

mean residence time, the volume of the conneciiveg | The molecular diffusivity of the tracer, Dm, was

is indeed very small; about 2 &nOn the other hand, taken as 0.205 s (Reidet al, 1987). The Taylor-

the volume of the empty tube is approximately 167,c Aris correlation (Eq. (14)) predicts that the Pedem-

which is in good agreement with the value deriveir por for the empty vessel isPe(vx d) / D,= 6.5.

the physical dimensions: 112 Enin the packed vessel  ysing the reactor length L and the reactor diamete

the estimated void volume due to interparticle &nd  the peclet number Pas defined in the dispersion

traparticle porosity is 86.5 ¢inUsing this value and the model is Pe= (vx L) / Dy = (6.5x 112) / 1.13 = 644.
vessel volume, the total porosity is 86.5/120.37220
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Figure 3. Experimental data { fitted by the axial dispersion
model (o) for a CHlinput pulse into an empty vessel. Q (Ar) =
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Table 2. Peclet number and dispersion coefficiestived
from the dispersion model. Values between parerthese
the Pe numbers estimated from Egs. (14) and (18)

Vessel type Re Dispersion Coefficient
D. (cnf/s)
Empty 500 (644) 0.38
Packed 28 (34) 0.73

On the other hand, the flow in the packed vessehés-

acterized by a dispersion coefficient, which isikmto

the tracer diffusivity. Consequently, the tracespdir-
sion occurs mainly by a molecular-diffusion meclkami
in the intraparticle and interparticle void volume.

A limitation of these experiments is the need te us
a flow-rate that should be compatible with the TCD
operation. Consequently, higher values of the digpe
coefficient due to mixing in the axial directionhigh
are expected at much higher flow-rates, are not ob-
served.

V1. CONCLUSIONS

Common and inexpensive laboratory apparatus were
used to set up an experiment that provides infaomat
on the RTDF of empty or packed vessels. Experintenta
results could be treated in different ways to obtak
formation on flow behavior and on the system'’s prep
ties, such as volumes, concentrations, bed porasity
The experimental RTDF was used with an approximate
analytical solution of the axial-dispersion modeldb-

tain the Peclet number that characterizes the exten
dispersion for gas flow on an empty and a packed ve

Figure 4. Experimental data | fitted by the axial dispersion Se€l. Good agreement was found between these values

model (o) for an Hinput pulse into a vessel packed with

AlL,O; pellets. Q () = 97.3 cn¥min.

and those obtained from well-known correlations.

NOTATION
A: h At recorded area (mv s)

Consequently, there is a reasonable approximati%h) or C@) : tracer concentratioqnol/cr?)

with the value obtained by comparing the experiment
results with the dispersion model. Equation (18w
used to predict the Renumber for the packed vesseld )
taking into account that in this case the Reynaolgs-

ber is based on the particle diameter ;
Sc =0.68; Rg=0.7

In this case, the molecular diffusivity of,Hh N,
was 0.77 crfis (Reidet al, 1987). The Pg number was

found to be;
Pep=uxdy/ D,=(v/g) d,/ D,=0.46

C,": M/V tracer concentrationp(mol/cnt)

a: tube diameter (cm)

L. particle diameter (cm)

D, dispersion coefficient (cffs)

Dwm: molecular diffusivity (crivs)

E(t) or E@): residence time distribution function from a
pulse input

F(t) or F@): residence time distribution function from a
step input

h: recorded signal (mv)

When the reactor length L and the particle diamete.: tube length (cm)

d, are introduced, the Pés;
Pg = 0.46x 25.4/0.35 =34

It is interesting to note that it is very close tte
value determined by fitting the dispersion modethe

experimental results.

Using the Peclet numbers derived from the puls
response experiments, the dispersion coefficieeas
ily calculated. The results are presented in Table is
observed that the dispersion coefficient for thepgm

M: amount of tracergmol)

Q: volumetric flow rate (cfifmin)

Pe : (v d/D)) Peclet number based on the tube diameter
Pey: (u d/Dy Peclet number based on the particle di-
ameter

é?q: (v L/Dy) or (u L/D,) Peclet number based on the

tube length

Rey: (d v p/p) Reynolds number based on the tube di-
ameter

tube is higher than the molecular diffusivity, icaing Resw: (v & /1)) Reynolds number based on the particle
that pulse broadening is in part due to mixing &e

diameter
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S (U /p D) Schmidt number
t: time (min or s)

tn: VIQ mean residence time
u: vie intersticial velocity (cm/s)
V: average gas velocity (cm/s)
V: vessel volume (cf)

z: axial coordinate (cm)

Z': zI/L dimensionless length

Greek Symbols

a: constant

a;: root in Eq. (12)

€: bed porosity

M: gas viscosity (g cm/s)
0: t/t,, dimensionless time

p: gas density (g/cih
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