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ChapterChapter 3. DesignDesign of Heat-Integrated PFR 

Chapte rr  3 Stabilit y and Multiplicit y Approac h to the Desig n 

off  Heat-Integrate d PFR 

Abstrac t t 

Thee non-linear behaviour of the heat-integrated plug flow reactor, consisting of feed-

effluentt heat exchanger (FEHE), furnace, adiabatic tubular reactor and steam-generator is 

studied,, considering a first order, irreversible, exothermic, adiabatic reaction. Bifurcation 

theoryy is used to analyse the relationships among design, reaction thermodynamics and 

kinetics,, and state multiplicity and stability. Hysteresis, isola and boundary limit varieties are 

computed,, and the influence of the activation energy, reaction heat and FEHE efficiency on 

thee multiplicity region is studied. The double-Hopf and double-zero bifurcation points divide 

thee parameter space in regions with different dynamic behaviour. State multiplicity, isolated 

branchess and oscillatory behaviour may occur for realistic values of model parameters. A 

designn procedure is proposed to ensure a desired multiplicity pattern and a stable point of 

operationn and to avoid high sensitivity. The procedure was applied to three reaction systems 

withh different kinetic and thermodynamic characteristics. 
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Introductio n n 

Inn the autothermal PFR, heat exchange between the effluent and the feed stream is 

usedd to preheat the feed. Apparently, for an exothermic reaction and adiabatic reactor 

operation,, there is no need of an additional heat source. However, there are several reasons to 

includee a heater (normally a furnace) and a cooler (normally a steam-generator) in the system: 

1.. A heater (furnace) is always required for startup. It may be placed upstream or 

downstreamm of the feed-effluent heat exchanger (FEHE). It is favourable to place the 

FEHEE before the furnace, as it will work at lower temperatures. Steam can be used to 

generatee power and/or be exported to drive separation units. This site integration solution 

iss more efficient than process-process heat integration, as proposed by Douglas (1988). 

2.. Often, a purge stream is available as fuel for the furnace. Consequently, a steam-generator 

hass to remove the heat excess. Placing the steam-generator before the FEHE allows heat 

recoveryy at higher temperature and is therefore preferable in view of exergetic 

considerations. . 

3.. In the autothermal PFR, multiple steady-states may exist. Operation in the multiplicity 

regionn may be desirable or unavoidable. The classical analysis of van Heerden (1958) 

showss that the middle steady-state is unstable. Some states may also lose stability due to 

Hopff  bifurcation and the system may exhibit oscillatory behaviour. In such cases, stable 

operationn is possible only if a control system is in place. If the furnace and steam-

generatorr are included, their duties are available as manipulated variables in temperature 

controll  loops. 

Thee inclusion of furnace and steam-generator leads to the structure presented in Figure 

3.1.. This structure will be called heat-integrated PFR. It should be pointed out that other series 

off  circumstances could easily lead to other equipment arrangements. 

Typicall  initial design data of the heat-integrated PFR are reactor type (empty tube or 

packedd bed), feed flow rate, reactor inlet temperature, and required conversion. Reaction 

kineticss and thermodynamics are also known. These data suffice to design the reactor. Next, 

thee designer has to size the furnace, steam-generator, and FEHE. This can be done by 

optimisingg some steady-state related economic criteria and/or considering the plantwide 

energyy balance. 
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Figuree 3.1. Heat-integrated PFR 

However,, the operating conditions may be different. There is always uncertainty of the 

kineticc parameters. Feed flow rate or concentration may deviate from the design values. 

Disturbancess in feed temperature, furnace and steam-generator duties are unavoidable. Heat-

exchangee efficiency may change due to fouling. Therefore, the operating point may become 

unstablee and/or sustained oscillations may occur. Also, the system may exhibit high 

sensitivity,, which renders control difficult. Consequently, the design also must be assessed 

withh regard to steady-state multiplicity, stability and sensitivity issues. 

Manyy articles on non-linear behaviour of reacting systems have been published. The 

first-orderr reaction in CSTR, axial-dispersion tubular reactor, or catalyst particle are classic 

problemss in chemical-reaction engineering. Only a few articles are, however, dedicated to 

heat-integratedd chemical reactors. Lovo and Balakotaiah (1992) computed the uniqueness-

multiplicityy boundary of the tubular reactor with internal or external heat exchange and CSTR 

withh external heat exchange. For limiting cases, they presented analytical expressions of the 

ignition,, extinction and cusp points. Subramanian and Balakotaiah (1996) classified the 

steady-statee and dynamic behaviour of several distributed reactor models, including the CSTR 

withh external heat exchange and the tubular reactor with internal heat exchange. 

Althoughh singularity theory (Balakotaiah and Luss, 1982, 1984; Golubitsky and 

Schaeffer,, 1985) and bifurcation theory (Iooss and Joseph, 1981; Scott, 1993) are proven 
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tools,, few applications to design are reported. Heiszwolf and Fortuin (1997) presented an 

application-orientedd design procedure for unique and stable operation of first-order reaction 

systemss in a CSTR. Morud and Skogestad (1998) discussed the dynamics of an industrial 

(multibed)) ammonia reactor, where positive feedback due to heat integration led to oscillatory 

behaviour.. They showed that instability occured at a Hopf bifurcation point. Silverstein and 

Shinnarr (1982) evaluated the stability of the heat-integrated PFR using the frequency response 

off  individual equipment components. They did not, however, address the relationship between 

reactionn kinetics and thermodynamics and state multiplicity and stability. 

Thee goal of this work is to study the steady-state and dynamic behaviour of the heat-

integratedd PFR. We consider a first-order, irreversible, exothermic reaction, and adiabatic 

reactorr operation. We concentrate on the relationship between reaction kinetics and 

thermodynamics,, equipment design, and state multiplicity and stability. To achieve this goal, 

wee use elements of bifurcation theory. Moreover, we show how the results can be applied 

duringg the design, in order to ensure a desired multiplicity pattern, a stable operating point, 

andd to avoid high sensitivity. In the next section, we present the heat-integrated PFR model 

equationss and the types of bifurcation of interest. Afterwards, we classify the steady-state and 

dynamicc behaviour by computing the hysteresis, isola, boundary-limit, double-zero and 

double-Hopff  varieties. State multiplicity, isolated branches and oscillatory behaviour are 

possiblee for realistic values of model parameters. We investigate the influence of reaction 

kineticss and thermodynamics and FEHE efficiency on the extent of multiplicity region. 

Subsequently,, we discuss how the results can be used to avoid operational problems and 

proposee a design procedure. Three reaction systems with different kinetic and thermodynamic 

characteristicss are used as examples. The main ideas are reviewed in the last section. Details 

off  the computation of the bifurcation points are given in Appendix. 

Mathematica ll  mode l 

Thee dynamics of equipment in the heat-integrated PFR may be described by plug-

flow,, pseudohomogeneous models. The dimensionless equations are given below: 
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FEHEE (tube and shell-side): 

(3.1a) ) 

Furnace: : 

MM  * j£.+a (31b) 

Reacton n 

== -+Z>aexd-—' - (l-X) 
dtdt d$ 

Steam-generator: : 

he^Lhe^L = -^+B  Da  expf -£^_ 

(3.1c) ) 

) ) 

(3.2) ) 

withh the boundary conditions: 

6\(r,o)=é?0(r) ) 

0t(r,l)=0h(i-,O) ) 

eehh(T,i)=e(T,i)=ett(r,o) (r,o) 
<9r(rj)=6>(r,0) ) 

0c(r,l)=0s(r,l) ) 

X(T,0)) = 0 

wheree rand £are dimensionless time and coordinate, respectively. 

Thee model variables are dimensionless temperatures in the shell and tube-side of the 

FEHEE (6^ 61), furnace (6|,), reactor (#) and steam-generator (6>c), and conversion (X). The 

dimensionlesss parameters represent reactor residence time (Da), FEHE area (NTU), activation 

energyy (#, adiabatic temperature rise (B), furnace and steam-generator duties (oh, fic), feed 

temperaturee (6b), residence time ratios (M  ̂Mc, Mb Ms), and heat capacity ratio (Le). 

Thee choice of reference temperature T deserves a special discussion. Most of the 

previouss studies considered the Damkohler number (Da) as bifurcation parameter, and 

investigatedd the effect of feed flow rate change. However, feed flow rate can be easily 

controlledd during the operation; hence, variation of this parameter is unlikely. Uncontrolled 
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changess of feed temperature, furnace and steam-generator duties, and FEHE efficiency are 

moree probable. In the previous studies the feed temperature was chosen as reference (T = TQ), 

becomingg part of several dimensionless numbers. In this way, the dimensionless feed 

temperaturee was set to zero (0O = 0). When studying the steady-state behaviour with feed 

temperaturee as a variable, only one dimensionless parameter must depend on it; hence T = T0 

iss not a good choice. 

Iff  we consider isothermal operation of a fixed-size PFR, the reactant is almost 

completelyy converted (X=9933%) for Da = - l n ( l - X ) = 5. We choose the corresponding 

reactionn temperature as reference. This is not restrictive. The reactor can be sized when the 

reactorr inlet temperature, desired conversion, reaction kinetics, and thermodynamics are 

known;; hence, the residence time is known. Then the reference temperature T, for which 

Da=5,Da=5, can be calculated and used for dimensionless numbers. This way, changes of furnace 

orr steam-generator duty, feed temperature and concentration, and FEHE efficiency are 

reflectedd by independent changes of the model parameters: Qk, Qc, 6b, B and £, respectively. 

Heiszwolff  and Fortuin (1997) and Chen and Luss (1989) used a similar procedure setting 

yy = 25 and Da ~ 1, respectively. 

Too study the influence of flow rate on steady-state multiplicity and stability, its change 

mustt be concentrated in one parameter. This can be achieved by introducing new 

dimensionlesss variables: 

H=H= ~ÓT\ <3-3> 
pcpcppVk[T) Vk[T) 

pcpcppTVk{T) TVk{T) 

HH cc== JS-TZZ. (3.5) 

andd replacing in Eq. 3.1 NTU, Qh , and Qc by Da  H, Da- Hh ,and DaHc, respectively. 

Thee steady-state model is obtained by dropping the time derivatives in Eq. 3.1. After 

analyticall  integration of the FEHE, furnace, and steam-generator equations, the following 

boundaryy value problem is obtained: 

d6 d6 
—f—f = BDaexp 
d$ d$ 

rreeT T 
i+ei+e r r 

ee -e (oVi 
1—H - r^ JJ (3.6a) B B 
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f{df{dtt{0\e^Q^Qc^B,y,Da)={\-e)e{0\e^Q^Qc^B,y,Da)={\-e)eoo +(e„  -«&)+£  0r(l)-0r(O) = = O (3.6b) 

where e 

NTU NTU 
11 + NTU 

iss the FEHE efficiency. 

Thee reactor conversion is given by: 

Y .g,( i)-g,(o) ) 

(3.7) ) 

(3.8) ) 

Equationn 3.6 may be solved by a shooting technique: start with an initial guess for 

0r(o),, integrate to find 0r(l) , check the boundary condition, and update 0r(o) (for example, 

byy the Newton method). This way, the problem is reduced to one algebraic equation with one 

statee variable (reactor inlet temperature) for which we can apply the singularity theory of a 

singlee state variable (Golubitsky and Schaeffer, 1985). 

0.13 3 0.14 4 0.155 0.16 
Oh h 

0.17 7 0.18 8 

Figuree 3.2. Conversion vs. dimensionless furnace duty, for  different values of NTU. 
Da=5,Da=5, y=5, £=0.07, 6b=-0.6, Qc=0.15, M,=MS=0.75, Mh=Mc=0.2, Le=2000. 
Continuoss lines represent stable steady-state. Dashed lines represent unstable steady 
states.. Bold lines are the loci of fold and Hopf bifurcations. Points C, DH, DZ, I and 
BLjj  correspond to cusp, double Hopf, double zero, isola and boundary limit 
bifurcations. . 
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Thee S-shaped curves (bifurcation diagrams) in Figure 3.2 represent the conversion vs. 

furnacee duty (bifurcation variable), for a given set of values of Da, y, B, Q& fa M  ̂ M0 Mb 

MMss and he. Each curve is associated with a fixed value of NTU. The number of possible 

steady-statess changes at fold bifurcation points. The upper and lower branches of the fold 

curvee correspond to reaction extinction and ignition, respectively. The qualitative shape of the 

bifurcationn diagram changes when the second parameter (NTU) is varied. At the cusp point 

(C)) two fold points appear or disappear and the number of steady-states changes by two. The 

locuss of cusp points is called hysteresis variety. Note that if the furnace duty is fixed to 

öh=0-1455 (point I), the conversion does not depend on NTU. This corresponds to an isola 

bifurcationn when NTU (or e) is taken as bifurcation parameter. When the NTU parameter has 

veryy large values (NTU—*°°, £—>l) the bifurcation parameter on the ignition and extinction 

branchess reaches the asymptotic values Öh=0.15 and <2h=0.08 (not shown in Figure 3.2), 

respectively.. They are called boundary-limit points (BL). For a first-order reaction, the heat-

integratedd PFR exhibits at most three steady-states, hence the double-limit variety (where the 

qualitativee nature of the bifurcation diagram may also change) does not exist. 

Whenn multiple steady-states exist, the middle one is always unstable (dashed line). A 

steady-statee may also become unstable at a Hopf bifurcation point. Here a branch of 

oscillatingg solution arises. When a second parameter is varied, the number of Hopf bifurcation 

pointss may change. At the double-Hopf (DH) bifurcation point two Hopf bifurcation points 

appearr or disappear. At the double-zero (DZ) bifurcation point, one Hopf bifurcation point 

appearss or disappears. 

Detailss of the bifurcation points computation are presented in the Appendix. 

Steady-statee behaviour 

Inn this study we considered two cases. 

First,, we used as bifurcation parameter: 

QQ = {l-e)d0 + {Qb-£Qc) (3.9) 

Itt represents the system energy input and captures the influence of feed temperature, 

furnace,, and steam-generator duties on the steady-state. Note that fa Qh and Qc appear 

coupledd as Q in the steady-state equation 3.6 and they do not appear in the bifurcation 

equationss A3.6 and A3.9. 
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AA pitchfork bifurcation was identified. It corresponds to an isola bifurcation of the fold 

pointss locus and divides the e-B plane into two regions (Figure 3.3). 

Iff  the reaction is highly exothermic or the FEHE is very efficient (at the right of the 

pitchforkk line), state multiplicity is possible irrespective of the value of the reaction activation 

energy.. Otherwise (at the left of pitchfork line), state multiplicity is possible only for high or 

loww activation energy. 

0.4 4 

0.3 3 

B B 

0.2 2 

0.1 1 

0 0 

Foldd points 

1 0 ,, y 100 

0.22 0.4 0.6 0.8 

Figuree 3.3. Pitchfork bifurcation 
Att the right of the pitchfork bifurcation, multiple steady-states are possible 

irrespectivee of the value of activation energy. 
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Figuree 3.4 presents a cross section of the hysteresis variety in (y- B) plane, for 

differentt values of the FEHE efficiency. For fixed £, multiple steady-states are possible at the 

rightt of the hysteresis line. For fixed activation energy, an increase of either the FEHE 

efficiencyy or adiabatic temperature rise leads to multiplicity. The unicity region is larger for 

intermediatee activation energies. 

1000 -r 

Figuree 3.4. Cross section of the hysteresis variety in (y- B) plane for  different values of 
FEHEE efficiency. 

Forr fixed £, multiple steady-states are possible at the right of hysteresis line. 

Second,, we considered the FEHE efficiency (£) as bifurcation parameter. In this case, 

noo other parameters may depend on it. Hence 6b, oh and Qc may not be coupled as Q, and 

theirr effect must be investigated separately. 

Thee steady-state behaviour is more complicated. In addition to the hysteresis variety, 

onee isola and two boundary-limit varieties exist. Figure 3.5 presents a typical phase diagram 
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inn the (öcöh) space. The hysteresis and boundary-limit varieties are described by the 

followingg equations: 

{l-e')e{l-e')e00 + Qb-e'Qc=Q' (3.10) 

Öhh = Öc (3.11) 

Ch== Qc-B (3.12) 

wheree e and Q correspond to the cusp bifurcation. 

0.11 0.2 0.3 0.4 0.5 

Oc c 

Figuree 3.5. Phase diagram of heat-integrated PFR with FEHE efficiency as bifurcation 
parameter. . 

Da=5,Da=5, j=10, .8=0.2, 6b=-0.4. C - cusp, I - isola, BL - boundary limit. 
Thee different types of bifurcation diagrams existing in regions I - VEQ are presented in 
Figuree 3.6. 

Thee isola variety approaches asymptotically the BLi and BL/> varieties. This 

observationn together with the Eqs 3.10-3.12 can be used to sketch the phase diagram. The 

isolaa and hysteresis varieties intersect at a pitchfork bifurcation point. 

89 9 



ChapterChapter 3. DesignDesign of Heat-Integrated PFR 

Thesee singularities divide the parameter space into eight regions where qualitatively 

differentt bifurcation diagrams exist (they are presented in Figure 3.6). 

Figuree 3.6. Conversion vs. FEHE efficiency bifurcation diagrams. 
Diagramss I-VTA correspond to regions I-VUI in Figure 3.5. 

Inn region I there is a unique steady-state. Crossing the hysteresis variety to region n, 

twoo fold points appear and state multiplicity is possible. When the BLi variety is crossed to 

regionn HI, a low-conversion isolated branch appears and the multiplicity pattern becomes 1-3-

1-3.. The two branches coalesce when the isola is intersected and two fold points disappear. 

Hence,, in region IV, a low conversion branch exists for all values of FEHE efficiency, while 

highh conversion is possible only for high values of the e parameter. When moving to regions 

VV or VII , the high conversion branch disappears (at BL2), or multiple states appear on the 
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low-conversionn branch (at hysteresis), respectively. From region VII , the high conversion 

branchh disappears at BL2 (region VI) or the two branches coalesce at isola (region Vm). 

Notee that isolated branches exist between the BLi and BL2 varieties. 

Dynami cc behaviou r 

Dynamicc classification involves dividing the parameter space into regions where a 

differentt number of Hopf bifurcation points exists. Due to the large number of parameters, a 

completee classification is difficult. We consider the energy input as the bifurcation parameter 

andd restrict our analysis to the influence of the dimensionless adiabatic temperature rise. We 

focuss on high values of the FEHE efficiency, and thus high tube and shell residence times. 

Wee consider a catalytic reactor because its "wrong-way" behaviour is the cause of oscillations 

(andd hence of Hopf bifurcations). This is reflected in the large value of Le. 

Thee wrong-way behaviour of packed-bed reactors has been demonstrated by Mehta et 

al.. (1981) who used the plug-flow pseudohomogeneous model. Pinjala et al. (1988) and Chen 

andd Luss (1989) added more complexity. They showed that models including axial dispersion 

and/orr heterogeneity (1) account for state multiplicity inside the reactor and (2) predict 

smallerr and slower temperature peaks. The first matter is usually avoided in practice by the 

reactorr design, however, and the second item does not change the qualitative transient 

behaviour.. Besides, the heat-integrated PFR becomes a two-state-variables problem when 

heterogeneityy or axial dispersion is included; thus, the classification methodology is not 

applicable.. For these reasons, the use of the plug-flow pseudohomogeneous model is adequate 

forr the purpose of this work. 

AA typical phase diagram is presented in Figure 3.7. The double-zero locus is tangential 

too the cusp locus. The double-Hopf intersects the double-zero at a bifurcation point of 

codimensionn 3. The {s-E) space is divided into six regions where different types of 

bifurcationn diagrams exist. The bifurcation diagrams of conversion vs. energy input are 

presentedd in Figure 3.8. In region I, one stable steady-state exists. After crossing the double-

Hopff  locus, two Hopf points appear. In-between, no stable steady-state exists and the system 

exhibitss oscillatory behaviour. When the hysteresis variety is crossed, two fold points appear. 

Therefore,, in region HI there are multiple steady-states. Oscillatory behaviour is possible on 

bothh the ignited and extinguished branches. In region IV, one Hopf point disappears after 

crossingg the double-zero locus. In region V, a second Hopf point appears on the ignited 
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branch.. They both disappear when the double-Hopf variety is crossed; thus, in region VI 

steady-statee multiplicity is possible but not the oscillatory behaviour. 

Notee that the phase diagram may change (the double zero and double Hopf loci do not 

intersect)) when a third parameter is varied. 

0.99 -

0.85 5 

0.8 8 

0.755 -

0.7 7 

0.655 -

0.66 -

(VI) ) 

(1) ) 

(V) ) 

1 1 

(IV) ) 

DZ Z 

Xoïï) ) 
(ii)) \ C 

\\ DH 

0.044 0.06 0.08 
B B 

0.1 1 

Figuree 3.7. Phase diagram of the heat-integrated PFR with energy input as bifurcation 
parameter. . 

Da=5,Da=5, Y=5, Mt=Ms=0.75, Mh=Mc=0.2, L<?=2000. 
CC - Cusp. DH - Double Hopf. DZ - Double Zero. 
Thee different types of bifurcation diagrams existing in regions I-VI are presented in 
Figuree 3.8. 

Itt is expected that the steady-state and dynamic behaviour of the heat-integrated PFR 

wil ll  change when a control system (for example, manipulating furnace duty to control reactor 

inputt temperature) is present. In addition, we expect more complicated phase diagrams when 

moree detailed models are used for the furnace and steam-generator (for example with burn gas 

andd cooling water temperatures as parameters, instead of furnace and steam-generator duties). 
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-0.088 -0.1 

* * 

(IV) ) 
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Figuree 3.8. Conversion vs. energy input bifurcation diagrams. 
Diagramss I-VI correspond to regions I-VI in Figure 3.7.  Fold; D Hopf. 

Designn procedur e for the heat-integrate d PFR 

Inn this section we propose a design methodology for the heat-integrated PFR. We are 

nott concerned with detailed sizing of the equipment. We are interested in the values of FEHE 

efficiency,, furnace, and cooler duties. These can be obtained by optimisation according to 

economicc criteria, but certain restrictions arise when multiplicity, sensitivity, and stability are 

considered. . 

Wee propose the following design procedure for the heat-integrated PFR: 

Stepp 0. Initial data: Feed flow rate and concentration; reactor inlet temperature; conversion; 

reactorr type (catalytic or empty tube); reaction kinetics and thermodynamics. 
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Stepp 1. Size the reactor based on adiabatic PFR equations. 

Stepp 2. Choose the reference temperature. If T is chosen such that Da = 5, Figures 3.3 and 

3.44 can be used during step 3. Calculate the dimensionless activation energy and adiabatic 

temperaturee rise. 

Stepp 3. Select the FEHE, based on the following observations: 

.. When the heat-integrated PFR is designed for low conversion, the hysteresis variety is a 

conservativee boundary against runaway (Balakotaiah et al., 1995, Paul et al., 1997). In this 

case,, Figure 3.4 can be used to select FEHE efficiency so the (y, B) point is in the unicity 

region. . 

.. When the system is designed for middle or high conversion, autothermal operation may be 

off  interest. This is possible only when an ignited state exists. In this case, the (y, E) point 

mustt be in the multiplicity region of Figure 3.4. The extinction point gives the minimum 

energyy input required. 

.. Close to the hysteresis variety the system is very sensitive to change of feed temperature, 

furnace,, and cooler duties. 

.. The energy input is given by: 

QQ = {\-£)-9t(Ö)-£-BX (3.13) 

Stepp 4. Stability issues: The middle operating point is always unstable. The other operating 

pointss may be stable or unstable. Dynamic simulation may be used to assess the stability, but 

noo information about the extent of the stability region will be obtained. We recommend 

computingg the Hopf bifurcation points (which are on the boundary of the oscillatory 

behaviourr region) in order to find possible instability near the operating point. Note that 

workingg at an unstable operating point is not by itself unattractive, as a temperature controller 

mayy stabilise the system. Loss of stability due to disturbances or design-parameter uncertainty 

iss dangerous. If the dynamic behaviour is not satisfactory, the design must be changed. The 

followingg observations should be considered: 

.. Only for a small range of model parameters the whole ignited branch (high conversion) is 

stablee (region VI in Figure 3.7). A domain of oscillatory behaviour bounded by Hopf and 

extinctionn points (regions II I  and IV) is very likely. In this case, increasing the energy 

inputt wil l stabilise the system, without significant change of conversion. If the heat of 

reactionn is small, two Hopf points may bound the oscillation domain (region V). Li this 

casee decreasing the energy input may also stabilise the system. This solution may be 
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undesirable,, as the operating point wil l move closer to the extinction point. Also, the 

changee of the conversion will be more important. 

.. If the system is designed in the unicity region, oscillations are likely for highly exothermic 

reactions,, especially at intermediate conversion (region II in Figure 3.S). In this case, 

decreasingg the FEHE efficiency will ensure a stable and unique operating point. 

.. If no solution can be found, then some of the initial data have to be modified. 

Stepp 5. Choose feed-temperature, furnace, and steam-generator duties. When the FEHE 

efficiencyy is constant, the bifurcation behaviour depends only on the energy input ( 0 and 

doess not depend on the distribution of the energy input between feed-temperature, furnace and 

steam-generatorr duties. Consequently, these variables can be linked to plant energy balance, 

sitee integration, combined heat and power production, or low equipment cost considerations. 

Too prevent operational problems due to isolated branches when FEHE efficiency may change, 

operationn in region I or II of Figure 3.5 should be preferred. As these regions are at the left of 

thee BLi line, the following condition must be fulfilled: 

O<QO<Qcc<(0<(022-e-eoo)-~BX)-~BX (3.14) 

Notee that the ranges for furnace and steam-generator duties decrease when the FEHE 

efficiencyy increases. 

Wee shall illustrate the proposed methodology by three different reaction systems. The 

firstt one, propylene chlorination, is highly exothermic with moderate activation energy. Smith 

(1970)) gives kinetic parameters. With excess propylene, the reaction can be considered first 

order.. The second system involves a mild exothermic reaction with high activation energy, 

toluenee hydrodealkylation (Douglas, 1988). The third system is a catalytic reaction with 

intermediatee heat effect and low activation energy. Table 1 contains the initial data and the 

results. . 

Bothh kinetic (ko and £a) and thermodynamic data (AT^) are known. Design 

specificationss are expressed as feed temperature (To), reactor inlet temperature (r2), and 

desiredd conversion (X). In the first two cases, we require autothermal operation (defined by 

thee existence of an ignited state for some range of operating variables). In the last case, we 

requiree a unique, stable operating point. 
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First,, we design the reactor using the adiabatic PFR equations. This gives the 

residencee time (to). Now we can calculate the reference temperature (for which Da=5) and use 

itt for dimensionless parameters. We mention that the dimensionless activation energy is high 

forr the second reaction (?*=35) and low for the third one (^5). Also, the dimensionless 

temperaturee rise correctly indicates that the first reaction is highly exothermic (5=0.243). 

Consequently,, the proposed choice of the reference temperature gave meaningful results. 

Too get state unicity (multiplicity) we might calculate the FEHE efficiency at the cusp 

bifurcationn (£*) and choose a lower (higher) value. Alternatively, we can simply use Figure 

3.44 to place the (B, # point in the desired region. 

Next,, we consider stability issues. For noncatalytic reactions (first system), the high 

conversionn branch is stable and no oscillatory behaviour is expected. The second system must 

bee operated on the middle branch, which is always unstable; hence, a stabilising controller 

mustt be installed. For catalytic reactions (third system), unicity does not ensure stability. 

Figuree 3.7 suggests that FEHE efficiency must be further decreased to ensure stable operation 

(regionn I). 

Afterr the stability was taken into account, we may choose the FEHE efficiency and 

usee Eq. 3.13 to calculate the system energy input. 

Finally,, we must divide the energy input between feed temperature, furnace, and 

steam-generatorr duties. Isolated branches for varying FEHE efficiency are undesirable. To 

avoidd them, we use Eqs 3.10-3.12 to draw diagrams similar to Figure 3.4, and place the 

operatingg point in region I. 

Conclusion s s 

Inn this article, we analyzed the relation between the reaction characteristics, design 

andd state multiplicity and stability of the heat-integrated PFR. We considered a first-order, 

irreversible,, exothermic reaction. 

First,, the energy input was considered as bifurcation parameter. It captures the 

influencee of the feed-temperature, furnace, and steam-generator duties on the state 

multiplicityy and stability. The hysteresis, double-zero, and double-Hopf bifurcation points 

weree used to classify the steady-state and dynamic behaviour of the system. The parameter 

spacee is divided into six regions, corresponding to different types of bifurcation diagrams. 

Statee multiplicity is likely for very exothermic reactions or high FEHE efficiency, irrespective 
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off  the activation energy. The heat-integrated PFR may exhibit oscillatory behaviour for 

realisticc values of model parameters. 

Subramaniann and Balakotaiah (1996) obtained similar phase diagrams for different 

adiabaticc reactor models, when the Damkohler number was considered to be the bifurcation 

parameter.. However, these systems do not exhibit oscillatory behaviour for practical values of 

modell  parameters. 

Second,, the FEHE efficiency was chosen as bifurcation parameter. The hysteresis, 

isola,, and boundary-limit varieties were used to classify the steady-state behaviour. The 

parameterr space is divided into eight regions where qualitative different bifurcation diagrams 

exist.. State multiplicity and isolated branches are now possible. 

AA design procedure was proposed. We found that the selection of FEHE efficiency is 

thee critical step for achieving the desired state multiplicity and to ensure stability. When feed 

temperature,, furnace or steam-generator duties are the changing variables, multiplicity and 

stabilityy are not affected by the partition of energy input between these variables. 

Consequently,, the heat equipment may be designed based on plant energy balance, site 

integration,, combined heat and power production or lowest equipment cost. Certain 

restrictionss arise, however, when the change of FEHE efficiency is taken into account. The 

proceduree was applied to three reaction systems with different kinetic and thermodynamic 

characteristics. . 

Thee approach we presented can be applied to other equipment arrangements as well as 

too more complex reaction systems. Also, more accurate models of the furnace, steam-

generator,, and catalytic reactor can be considered. 

Notatio n n 

ATT = FEHE area, m2 

BB - adiabatic temperature rise, dimensionless 

T T 

ccvv = specific heat, J/(kg K) 

DaDa = Damkohler number 

vv ' F 

EiEi = activation energy, J/mol 
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FF = mass flow rate, kg/s 

KKTT = FEHE heat transfer coefficient, W/(m2 K) 

kk = reaction rate constant, s'1 

LL - length, m 

LeLe = Lewis number, dimensionless 

Aftt - residence time ratio (k = t, s, h, c) 

'Or r 

NTUNTU - number of transfer units, dimensionless 

I\-rArf I\-rArf 

q*q*  =duty(k^h,c),W 

QkQk = duty (k = h, c), dimensionless 

FcFcppT T 

QQ = energy input, dimensionless 

/?? = gas constant, J/ (mol K) 

rr = temperature, K 

TT = reference temperature, K 

AT^AT  ̂ = adiabatic temperature rise, K 

// = time, s 

toto = residence time, s 

== YP 

F F 

u,u, v = eigenfunctions 

XX = conversion, dimensionless 

zz = axial coordinate, m 

VV = reactor volume, m3 
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Greekk letters 

yy - activation energy, dimensionless 

==  E^ 
RT RT 

££ = FEHE efficiency, dimensionless 

kk - eigenvalue 

pp = density, kg/m3 

TT = time, dimensionless 

/ / 

~~ *<* 

66 — temperature, dimensionless 

T-f T-f 
f f 

%% = axial coordinate, dimensionless 

_z_ _z_ 
~~ L 

Subscripts s 

tt - FEHE tube side 

ss - FEHE shell side 

hh - furnace 

rr - reactor 

cc - steam-generator 

sff  - solid phase 

fff  - fluid phase 

bb - feasibility boundary 

0-feed d 

11 - furnace inlet 

22 - reactor inlet 

33 - reactor outlet 

44 - steam-generator outlet 
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Appendix ::  Bifurcatio n point s computatio n 

Thee equations describing the dynamic behaviour of the heat-integrated PFR can be 

writtenn in the following condensed form: 

Ay(r,0)+£y(r,l)-cc = 0 
uu *\ /A (A3.lb) 

y(o,#)=y0(#) ) 

yy is the vector of model variables, C is a diagonal capacity matrix, f(y) is a non-linear 

function,, fx is the bifurcation parameter and p is the vector of remaining parameters. A and B 

aree constant matrices and c is a constant vector. 

Itss steady-state solution is given by the boundary value problem: 

%% = /(y../<./0 (A3.2a) 

Ays(0)+l?ys(l)-cc = 0 (A3.2b) 

Whenn Eq. A3.1 is linearized around steady-state and separation of variables is applied, 

thee following eigenvalue problem is obtained: 

Cfaa + 4/Xii + iv) = - ^ ^ - + fy iu+ iv) (A3.3) 

where: : 

s^btëshyM'WhMë))-^*s^btëshyM'WhMë))-^* (A3.4) 
Att fold points, one real eigenvalue crosses the imaginary axis. Substitution of 

Ai=^2=00 in Eq. A3.3 and identification of real and imaginary parts gives: 
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du du 

YfYfffy'y'uu (A3'5a) 

withh the boundary condition: 

A«(0)+5«(l)) = 0 (A3.5b) 

Thee eigenfunctions can be determined up to a multiplicative constant. Hence w(0) may 

bee given an arbitrary value. We have two equations for two unknowns: the state variable y and 

thee bifurcation parameter /£ Shooting technique is available as solution method. 

Forr the heat-integrated PFR, the FEHE, furnace and steam-generator differential 

equationss defining the fold points may be integrated analytically to give: 

## ll+^JH B )(l + Otf B) (A3.6a) ) 

£K,(l)-u,(0)=00 (A3.6b) 

Thee fold bifurcation points of the heat-integrated PFR were found by solving the 

boundaryy value problem defined by Eqs 3.6 and A3.6. 

Thee computation of the cusp points (hysteresis variety) is based on the following 

observation:: the loci of the ignition and extinction points meet at the cusp point. 

Forr the case of one algebraic equation (Eq. 3.6) with one state variable (y = 9t (0)), the 

definingg condition for the isola variety is: 

f(y,H,p)=f(y,H,p)=mymyi*i* P)P) = my-"' P) =0 (A3.7) 
dydy dju 

Subramaniann and Balakotaiah (1996) showed how to compute the isola variety in 

distributedd parameter systems. However, we used a simpler approach: at the isola point, the 

foldd locus has a local extreme. Note that all the steady solutions corresponding to varying 

NTUNTU (or é) pass through point I in Figure 3.2. Consequently, this point satisfies Eq. A3.7 if 

NTUNTU (or é) is considered as bifurcation parameter. 

Iff  the fold point is located at a feasibility boundary yb (or /4>) we speak about a 

boundary-limitboundary-limit point, defined by: 

ny.M.p)'Z&£&ny.M.p)'Z&£&  = 0 (A3.8) 
dy y 

y=ybb or // = /^ 
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Statee multiplicity is possible for non-zero values of the FEHE efficiency (£). When 

thiss parameter approaches the limit £= 1, the conversion at the ignition and extinction points 

goess toward X = 0 and X = 1, respectively. In these cases, the heat balance Eqs 3.6b and 3.8 

reducee to Eqs. 3.11 and 3.12. 

Att Hopf bifurcation points, a pair of complex eigenvalues crosses the imaginary axis. 

Substitutionn of A,\=0 in Eq. A3.3 and identification of real and imaginary parts gives: 

II  (A3.9a) 
—— = fyv-C^u 

withh the boundary conditions: 

Au(6)+Bu(l)=0 Au(6)+Bu(l)=0 
;; v , : (A3.9b) 

Av(0)+flv(l )) = 0 

Ass the eigenfunctions are determined up to a multiplicative constant, initial values 

M(0)) and v(0) may be fixed, so the eigenvalue fa and the bifurcation parameter may be found 

usingg a shooting method. 

Thee loci of Hopf and fold bifurcation points meet at a double zero and the locus of 

Hopff  points has an extreme at a double Hopf bifurcation. Tracing the locus of Hopf points 

requiredd the main computing effort. The local parametrization technique (Seydel and 

Hlavacek,, 1987) with secant predictor worked well (only the temperatures 6£(0), 61,(0), 6k(0), 

andd 6K0) were admitted as local parameters). A significant reduction of computing time was 

achievedd by using the Broyden method (instead of Newton) as corrector. The step length 

controll  strategy recommended by Seydel (1984) was used. 
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