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Abstract-The heat transfer effect of an inert gas on a multi-tubular reactor for a partial oxidation reaction has been 
detennined. The model reaction systenl in the study was pm~ial oxidation of propylene to acrolein. Both theoretical 
moddmg and expefilne~ttal studies have been perfomled to deteaaimle the heat tt'atasfer effect of inert gas on the system. 
Among many inert gases, CO2 was selected and tested as a dilue~tt gas for the partial oxidation ofpropylene to acrolem 
system instead of conventionally used N> The productivity increase through changing the inert gas from N~ to CO2 
was possible due to the heat tpansfer capability of CO> In this study, by replacing the inert gas from N~ to CO~, pro- 
ductivity increased up to 14%. 
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INTRODUCTION 

Multi-tubular reactors are designed for reactions that generate a 
lmge amount of heat [Satterfield, 1970]. Due to the taqSque charac- 
teristic of easy heat removal, multi-tubular reactors are widely used 
for partial oxidation reaction processes. A multi-tubular reactor usu- 
ally has more tikan 10,000 reaction tubes. The heat ttarlsfer medi- 
um, which is made of molten salt, circulates between the reaction 
tubes and removes heat fiom them. Heat ~arlsfer of reaction heat 
fi-om the reactor tubes to the heat transfer medium is crucial for pat- 
fin oxidation reaction processes. Detailed desca-iptious of multi-tu- 
bular reactoi~ can be found elsewhere [Franzen et al., 1964; Jung 

et al., 1999]. 
Since the reactant is a flmmnable gas and has a possibility of ex- 

plosion, a large amount of inert gas is fed irm the reactor along with 
reactants. Inert gas also plays a role of heat transfer agent because 
it takes up a large portion of reactant gas mixture. Among many 
partial oxidation reactions, partial oxidation ofpropylene to acrolein 
was selected as a model system to investigate the heat transfer ef- 
fect of inert gases. Usually N~ is used as a diluent gas inthe case of 

propylene partial oxidation to acrolein. N2 gas consists of more than 
50% of total input gas by volume in propylene partial oxidation to 
acroleJn. 

Different inert gases can be applied to this reaction system as a 
diluent gas. Vvlaen an inert gas is mixed with reactants, there exists 
a specific ratio of mgxture that becomes flammable or explosive. 
Tt~s specific ratio of mixture also depends on temperature and pres- 
sure of the reaction system. Usually, this ratio of mixture has a low- 
er and upper boundary at constant temperature and pressure. If  the 
range of this boundary for another inert gas is narrower than that of 
N2, that inert gas is considered to be a better diluent gas in terms of 
safety. The productivity can also be increased while using the inert 
gas that has a i~mxower flammability or explosion i"ange because 
more reactants can be fed into the multi-tubular reactor. Although 
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a selected inert gas may meet the flammability limitation, the heat 
transfer ability of the gas is also very important for partial oxida- 
tion reactions. If the reaction heat is not removed properly, the tem- 
pelature will rise above normal operating conditions, possibly re- 
suiting in a run-away situation inside the reactor. When this hap- 
pens to the reactor, there will be severe damage to the catalyst. 

In an effort to find a better diluent gas for tiffs model system of 
propylene partial oxidation to acrolein, CO2 tkas been applied to the 
reaction system instead of N2 gas and compared with the standard 
case of N2. CO2 has a narrower flanunability or explosion iange 
than N2 for the present combination of inlet mixture gases [Song 
and Park, 1998]. Since CO2 is better t i m  N~ in terms of the flam- 
mability lmfitation, only the heat transfer effect of inert gases will 
be considered in this study. Both experimental and theoretical stud- 
ies have been performed to analyze the effect of inert gas on partial 
oxidation of  propylene to acrolein. 

EXPERIMENTAL 

The schematic diagram of the experimental apparatus is shown 
in Fig. 1. The reactor used in the experiment is a jacketed single 
tubular reactor [Choi and Eigenbe~gei; 1989]. Since it is very dif- 

Fig. 1. The schematic diagram of the experimental apparatus. 
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ficult to make a lab-scale multi-tubular reactol, a single tubular reac- 
tor that exhibits the same characteristics of a multi-tubular reactor 
was made instead. The reactor consists of a 2.54 cm outer diameter 
stainless steel tube and an outer jacket made of 7.62 can outer di- 
ameter stainless steel pipe. The wall thickness of the reactor tube 
was 1.651 turn. The heater was placed outside of the jacket, The 
length and diameter of the heater were 90 cm and 30 cm, respec- 
tively. The reactants and inert gas are fed into the reactor by using 
a Brooks mass flow ccntrolle:: Water was pumped into the heated 
stainless steel tube by using a Hitachi L-7110 constant mass syringe 
pump. Water was then evaporated into steam and mixed with both 
reactants and inert gas. The molten salt, a ms ofNaNO2, Na- 
NQ,  and KNO3, was used as the heat transfer lnediunl, which sup- 
plies and removes heat from the fixed bed reactor A themmwell 
tube of 0.398 cm outer diameter was mounted coaxially at the cen- 
ter of the reactor tube and also inside of the jacket, respectively. A 
mobile thelmocouple was placed inside of the themlowell tube lo- 
cated at the center of the reactor so tlnat the temperature could be 
measured along the length of the reactor Additionally, ti~-ee fixed 
then-nocouples were placed inside of the jacket pipe in c~-der to meas- 
ure the temperatt~e of the heat transfer medium at tt~ee different 
locations. The products were analyzed by a Hewlett-Packard gas 
chromatograph HP6800. Gas chromatogaaptry provided on-line an- 
alysis of a sample ti~ough a computer Two different types of col- 
umns were used simultaneously to analyze the product gas: an A1- 
tech AT-1000 cap~lary column and a Hewlett-Packard chrcxnosorb 
1 02 packed colurml Two different sizes of cylindrical shape cata- 
lysts were used for the e~cpefiments. A detailed descnFCdon of the 
catalyst used in tiffs investigation can be found elsewhere [Byun 
and Lee, 1999; Ko et al., 1998]. Alumina, as an inert material, 
large and small size catalysts were d~aged into the reactor in series. 
The heights of the Alumina and catalyst beds were 5.2 cm, 10.9 
cm, and 30.4 cm, respectively. The amount of catalysts charged in 
the reactor was 32 g for the large size catalyst and 91 g for the small 
size catalyst. 

The solid mgxture o fNaNQ,  NaNO3, and KNO~, was the heat 
transfer medium. It was melted by using the heater placed outside of 
the jacket. After temperature of the heat transfer meditml reached 
the pre-set value, the reactants were fed into the reactor. It took at 
least 72 hours to reach the steady state. The expeiimental condi- 
fious are shown in Table 1. 

M O D E L I N G  

Since partial oxidation of propylene is a highly exothemfic reac- 
tion, there remains the possibility that the temperature of the fluid 
phase may be much different from that of the solid phase. This leads 
to the necessity for introducing a heterogeneous model. The consid- 
eration of intmt~ticle gradients in the heterogeneous model is ap- 

protx-iate for the present reaction system because it is important to 
predict precisely the maximum temperature of the solid phase. In 
general, the radial ga, dieigs can be neglected for all practical pur- 
poses if the 1"adial aspect 1"atio rn(=R/dp) does not exceed 4 [Car- 
berry, 1976]. In the present experiment, the value of m was 2.7 and 
3.2 for the two different sizes of catalyst beds, respectively All of 
these values justify the usage of a one-dimensic~ml heterogeneous 
model accounmlg for itm~particle gradients. The reaction kinetic 
model and pa-ametei~ of Tan et al. [Tan et al., 1989] were adopted 
in this investigatiort The model equation was derived from steady 
state mass and energy balances for fluid and solid phases as fol- 
lows [Froment and Bischoff, 1979]: 

Fluid Phase: 

d(u~C,) _ d2C, 
dz +eD~176 -7 =k~a~(C" - C~) (1) 

d(p~u~%TAVlw) ^ d2T - 4 ~ ( T - T , )  
dz -~oo~ :baXT:-T) (2) 

Solid Phase: 

1 d [ dC,~ 
-2 _-;7_/D~,.r _-27-.. / -p~r,. =0 (3) 
IC11',,. (J.T / 

1 d f dT[~ 
:_-;z.I Z.or _-77. / +p~[(-AH,)k, +(-AH2)k~ +(-AH~)kdC~0~ =0 (4) 
I C l I \  Ol ] 

where i = 1, 2, 3, ..., 7. 
1: acrolem; 2: CO2; 3: acetaldehyde; 4: propylene; 5: HsO; 6: 
05; 7:N2 
The rate coefficients tq,(i=l, 2, 3) in Eq. (4) correspond to k~2, k~3, 
k14 of Tan et al. [Tan et al., 1989]. 

Boundary conditions 
Fluid Phase: 

u=(C,0 Q): aD~--~ C' atz=0 (5) 

u~Pg%(T 0 T) dT M~ : )~~176 atz=0 (6) 

dC,. dT=0 atz=L (7) 
dz dz 

Solid Phase: 

dC,.~ _ dT~ =0 
dr dr at r=0 (8) 

- D o , ~  :k~.(Q~-C,) atr=R (9) 

Table 1. Experimental conditions 

C3H6 flow rate O5 flow rate H20 flow rate Total flow rate Inlet temp. Jacket temp. Reactor pressure 
Run Inert gas (m3/min) (m3/min) (m3/min) (mYmin) (K) (K) (atm) 

1 Ns 0.014 0.026 0.015 0.2 423 581 1 
2 COs 0.014 0.026 0.015 0.2 423 581 1 

3 COs 0.016 0.030 0.015 0.2 423 581 1 
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a T  z -~,~-~- :hs(T: -T)  atr=R (10) 

Since density ct~nges in the axial direction, the velocity also chang- 
es to satisfy the continuity equation: 

%pc =constant (11) 

Many con'elations for mass and heat tralsport are available in 
the literature, but there are strong deviations among them espe- 
cially for heat transport The temperature profile was shorn1 fi'om 
the numerical experiment to be dependent more upon the heat trans- 
fer ccetScient than the mass transfer coefficient Because of the lack 
of suffici~lt cert~lty in mass and heat transfer coefficients, it seemed 
reasonable to use a correlation which best fit the experimental data 
even though the catalyst used in the present experime~lt was differ- 
ent fi'c~n that used in the work of Ton et al. [Tan et al., 1989]. The 
Petrovic and Thodos [Petrovic and Thodos, 1968] con'elation for 
mass t~-0zlsport and the Rowe et al. [Rowe et al., 1965] con'elation 
for heat transport were put to use in the modeling. The wall heat 
transfer coefficient was found to have nmch more effect on the tem- 
perature profile than the heat transfer coefficient between the fluid 
and the solid phase in the modeling. Many empfl-ical correlations 
such as Leva and Gl~nmel; Hanratty, ~agi and Ktalii, De Vv:asch 
and Froment [Dosaiswanly and Shanna, 1984], Calderba3k and 
Pogc~-ski [Calderbat~k and Pogoiski, 1957], and Beck [Szekely et 
al., 1976] were tested The equation of Calderbaik and Pogc~-ski 
[Calderbank and Pogc~id, 1957] among many empil-ical correla- 
tions was found to fit best to the present experimental results. 

The model equati~ls were solved by using finite difference meth- 
with an upwind scheme [Roach, 1972]. Since la:ge sets of cou- 

pled nonlinear equations are difficult to converge unless an appro- 
priate initial guess ks given, equivalent unsteady state equations were 
constructed and made to march until the steady state was reached 
It was suffici~lt to apply the pseucto-tl-onsie~lt scheme only to the 
fluid phase equations. Since the transient solution was not of inter- 
est, the time steps were chosen to minimize computation lime. The 
noi~inea- equations were effectively solved with the successive over 
relaxation method. 

The ext:erimental conditions are described in Table 1. The first 
experimental condition shown in Table 1 is a standard operating 
condition of propylene partial oxidation to acrolein. All the results 
obtained born using CO2 as a diluent gas are compared with this 
standard case. The experimental and calculated temperature pro- 
files of the fluid phase are compared in Fig. 2 for both diluent gases 
N2 and CO2, where similar shapes are observed The discrepancies 
between the ext:eff~lental and modeling results may be mainly at- 
tributed to the difference m reaction !dnetics and the poor va i l@ 
of the wall heat transfer correlation equatiorL In both cases of mod- 
eling and experimental results, the fluid phase temper~ure profile 
was lowered by the adoption of C~2 as a diluent gas instead of N2. 

The modeling results of propylene concentt'ation and tempera- 
ture profiles of the solid phase, in the case of N2 as a diluent gas, 
are given in Figs. 3 and 4, respectively. The concermation of pro- 
pylene decreases with axial distance as the reaction proceeds. The 

Fig. 3. Tlwee-dimensional calculated propylene concentration pro- 
file of the solid phase in the case of experimental condition 
1 shown in Table 1. 

Fig. 2. Experimental and calculated axial temperature profdes of 
the fluid phase in the case of N2 and CO2. 

March, 2001 

Fig. 4. Three-dimensional calculated temperature profile of the 
solid phase in the case of experimental condition I shown 
in Table 1o 
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Fig. 5. Calculated maximum temperature of the solid phase along 
axial distance for experhnental conditions shown in Table 1. 

location of nla,~inlUln tenlperature in Fig. 4 indicates tile hot spot 
of solid catalyst. When these figures are compared with Fig. 2, it 
can be shown that tile &aninalt t:-,~lsport resistance falls on tile inass 
dilfiasion m the catalyst pellets and on tile heat transfer between tile 
fluid phase and external catalyst surface. Since the maximum tem- 
perature in the solid phase is a major concenl fi-c~n tile viewpoint 
of catalyst lifetime, its profiles also need to be examined Tile uti- 
lization of CO2 as a dilue~at gas ii~stead of N2 ks folaad to be suc- 
cessM in dilninistmlg tile maximum solid phase telnperature, as 
shown in Fig. 5. 

Tile following aspects can explain tile role of C Q  in decreasing 
tile tenlperature of both fluid and solid phases: thermodynamic and 
ldnematic perspectives. The themaodynamic properties include heat 
capacity and tile kinematic properties encompass viscosity, diffu- 
sivity, thermal conductivity, etc. To get an insight into the mecha- 
nism of the temperature decrease in the case of CO2, the effect on 
temperature of all the differing properties of C Q  fican N2 was ex- 
mnined through a parmnetric sensitivity study. The variation of vis- 
cosity, cliffusivity and thermal conductivity had little effect on the 
tenlperatule profile. Tile facto:-s which had lmge influences on tern- 

Fig. 7. Heat capacity of N2 and CO:. 

perature were heat capacity and molecular weight (density changed 
m accordmlce with molecular weight). Effects of both factops on tile 
fluid phase temperature prone are shown in Fig. 6. Similar trends 
were observed m solid phase temperature profiles. 

The effect of heat capacity can be accounted for easily. Because 
of its linger heat capacity, C~2 absorbs more heat than N2 to reduce 
the telnpe1~ature of both fluid and solid phases. The va:Jation of heat 
capacities with tempel-ature for both diluent gases is shown in Fig. 7. 

As for the effect of molecular weight, it is appropriate to fred its 
relationship to kinematic properties to understand the mectlanism. 
The only idnematic parameter tilat had a relation to molecular weight 
and had a significant effect on tempe~-atta-e was tile wall heat trans- 
fer coefficient. Since tile wall heat transfer coefficie:it is generally 
dependent upon Reynolds number [Calderbarlk and Pogorski, 1957], 
it is reasonable to examine what effect nloleclflar weight of CO2 
has on Reynolds number. The Reynolds number and correspond- 
mg wall heat transfer coefficient changes clue to the adoption of mo- 
lecular weight of CO2 are shown m Figs. 8 and 9. Therefore, kine- 
matic viscosity is an important pa:arneter, which can be used to pre- 
dict temperatL~e chmge, since Reynolds number is entirely affected 
by kinematic viscosity under certain opei-ating conditions. Although 
other properties such as thermal conductivity mad Prandtl number 

Fig. 6. Calculated ax~l temperature profile of fluid phase in the 
case of N:, N: with heat capacity of CO2, N2 with molecular 
weight of CO2, and CO2. 

Fig. 8. Effect of molecular weight on Re3~noids number in tile case 
of N2 and COy 
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C O N C L U S I O N S  

Fig. 9. Effect of molecular weight on heat lransfer coefficient in 
the case of N2 and CO2. 

also affect heat transfer coefficient, they vary insignificantly. 
It has been shown that the teraperature of both fluid and solid 

phases can be lowered via increased heat transport and heat capac- 
ity by using CO2 instead of N2 as a diluent gas. From the above re- 
sult, it can be expected that the productivity can be increased through 
increasing inlet propylene concentration without exceeding the safe 
operation range if C Q  is used as a diluent gas. The calculated tem- 
perature profiles of fluid and solid phase are shown in Figs. 2 and 
5 where inlet propylene concentration is 8 vol% with C-D2 as a dil- 
uent gas. The results show that the maxinmm temperature of the 
fluid phase is within that of the standard case; therefore, it will be 

considered as a safe operating condition, since the maximtml teln- 
perature of fluid phase ks a measure of safety. Fig. 5 clearly shows 
that catalyst lifetmle will not be affected by increasing inlet propy- 
lene conc~ltration to 8 vol% with CO2 as a dilue~lt gas. Fig. 2 shows 
that the modeling result is in good agreement with the experimen- 

tal result. Although it was in the safe operation i~nge, the propyl- 
ene conversion was slightly lower ha the case of 8 vol% propyle~ae 
conce~lb-ation with COs as a diluent gas than ttkat of 7 vol% pro- 

pylene concenb-ation with N2 as a diluent gas. The lower conver- 
sion is due to a decrease in reaction temperature To compensate 
for the decrease in propylene conversion, the inlet coolant temper- 
ature increased in the nunleiical simulation. Tile results of increas- 
ing the inlet coolant telnperamre are shorn1 in Table 2. The pro- 
pylene conversion increased and the fluid phase maximtrn tem- 
perature was wiflfn the safe opeiation iange. The results show that 
the utilization of COs as a diluent gas can improve productivity up 
to 14% wkhin the safe operation condition by increasing inlet pro- 
pylene concentration from 7 to 8 vol% and coolant temperature. 

A heterogeneous model, which accounts for im~particle gradi- 
ents, was used to simulate the partial oxidation reaction of propyl- 
ene in a single tubular reactor, representing one of many tubes in a 
multi-tHbulaI ~ reactor. It was nlade clear that the temperature of the 
fluid phase and solid phase was lowered when COs was used in- 
stead of N2 as a diluent gas tt~'ough the calculation with t t~  mod- 
el. It was proven that large heat capacity and low kinematic vis- 
cosity were the main causes of diminishing temperature in the pre- 
sent operating conditions. The other parameters did not show any 
significant effect on temperature. Thus the results can provide a 
guideline for selecting an inert gas used in partial oxidation reac- 
tions. The model was then applied to the condition in which the inlet 
propylene concentration was higher than normal operating condi- 
tion with CO2 as a diluent gas. Tile te~npemture of both fluid and 
solid phase was suflidently wittml the limit, but tile propylene con- 
version was less than that of N2 as a diluent gas. The problem of 
low conversion was effectively solved by increasing the inlet cool- 
ant te~nperamre. It was revealed that increasing productivity was 
possible while ma/lntaiimlg safety by using COs as a diluent gas in 
this model reaction system. 

N O M E N C L A T U R E  

a~ : external particle surface area per unit reactor volume 
C, : molar concentration of component i m the bulk fluid 
C,0 : illolar concenWation of component i at the inlet 
C,, : molar concentration of component i inside solid 
C,; : molar concentration of conlponent i at solid surface 
cp : heat capacity 
D~ : effective diffusivity m axial direction 

De, : effective diffusivity of component i 
c~ : particle diameter 
d~ : intemal tube diameter 
hi : heat transfer coefficient 
- A H  : heat of reaction 
k~, : mass transfer coefficient of conlponent i 
kj : rate constant for the reactionj (j = 1, 2, 3) 
M~ : molecular weight 
r : radial coordinate inside solid 
R : radius of reactor tube 

r, : rate of  reaction of component i 
T : temperature in fluid 
To : temperature at the inlet 
T,. �9 temperature of surroundings 
T, : temperature inside solid 

Table 2. Effect of coolant temperature on C3H6 conversion and maximum temperature of fluid and solid phase 

Inert gas Inlet coolant Conversion Maximum temperatm'e Maximum temperature 
[Propylene (vol%)] temperature (K) of propylene of solid phase (K) of fluid phase (K) 

Ns [7] 581 0.846 737 661 

581 0.838 725 655 

COs [8] 586 0.839 725 655 

591 0.855 732 661 
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T; 
U 
u, 

Z 

: temperature at solid surface 
: overall heat transfer coefficient 
: superficial velocity 
: axial coordinate 

Greek Letters 
E 

O~ 

Pg 
P, 

: void fraction of packing 
: effective ttlemlal conductivity 
: effective themlal conductivity m axial direction 
: fraction of  oxidized sites 
: density of fluid 
: density of solid 
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