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Understanding the mechanism of liquid-phase e®aporation in a three-phase fixed-bed
reactor is of practical importance, because the reaction heat is usually 7 � 10 times the
®aporization heat of the liquid components. E®aporation, especially the liquid dryout,
can largely influence the reactor performance and e®en safety. To predict the ®anishing
condition of the liquid phase, Raoult’s law was applied as a preliminary approach, with
the liquid ®anishing temperature defined based on a liquid flow rate of zero. While
pro®iding correct trends, Raoult’s law exhibits some limitation in explaining the tempera-
ture profile in the reactor. To comprehensi®ely understand the whole process of liquid
e®aporation, a set of experiments on inlet temperature, catalyst acti®ity, liquid flow rate,
gas flow rate, and operation pressure were carried out. A liquid-region length-predicting
equation is suggested based on these experiments and the principle of heat balance.

Introduction

Operation of a three-phase fixed-bed reactor is a challeng-
ing task when the liquid phase exhibits substantial volatility.
In this case, evaporation of the liquid phase due to the heat
of the reaction will complicate both the reaction and trans-
port phenomena in the flow direction. Depending upon the
magnitude of the reaction heat, the evaporated fraction of
the liquid mixture can change from 0 to 1, and correspond-
ingly, the reactor operation can change from a fully liquid
phase to a fully gas phase, and the catalyst filling condition
will evolve from a fully wetted to a partially wetted, and ulti-
mately to a completely dry condition.

The effect of evaporation of volatile compounds on reactor
performance has been considered important for a variety of

Ž .systems. Singh and Carr 1983 studied the effect of solvent
evaporation on oil production and total coal conversion in

Ž .the solvent refined coal. Ramakrishna et al. 1985 studied
the effect of vaporization of the liquid feed components on
reactor performance for hydrogenation of naphthalene dis-

Ž .solved in a diluting solvent. Smith and Satterfield 1986 and
Ž .LaVopa and Satterfield 1988 studied the effect of

Correspondence concerning this article should be addressed to Z.-M. Cheng.
Current address of X.-C. Fang: Fushun Petrochemical Research Institute, Fushun

113001, P.R. China.

vapor�liquid flow ratio and vapor�liquid equilibrium on the
performance of a trickle-bed reactor. More recently, a new
concept on the basis of continuous phase-transitional opera-

Žtion has been developed for process intensification Cheng et
.al., 2001a,b; 2002 . The concept has been proved successful

for benzene hydrogenation in the production of cyclohexane,
and a pilot plant study at a capacity of 5,000 tra cyclohexane
is in progress.

Over the last three decades, studies on evaporation of the
liquid phase in multiphase fixed-bed reactors have been con-
fined to two basic aspects. One is the experimental work on
reactor performance, as conducted by Sedriks and Kenney
Ž . Ž .1973 , Hanika et al. 1975, 1976, 1977, 1986, 1999 , Ruzicka

Ž . Ž .and Hanika 1994 , and Castellari et al. 1997 . Another is
the catalyst-scale study on the physiochemical aspects, as re-

Ž . Ž .ported by Kim and Kim 1981a,b , Hu and Ho 1987 , Bhatia
Ž . Ž .1988, 1989 , Jaguste and Bhatia 1991 , Waston and Harold
Ž . Ž .1993, 1994 , as well as Hessari and Bhatia 1996 . In spite of
these efforts, reactor-scale description of the evaporation of
the liquid is still absent, which is most likely related to the
difficulty in direct observation and measurement of the liquid
due to the opacity of the reactor wall and the catalyst sup-
port.

In the present work, the process of liquid evaporation has
been systematically evaluated. For this purpose, Raoult’s law
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is applied to provide a theoretical guideline, and specific ex-
periments have been conducted to verify the validity of the
theory.

Theoretical Development
Ž .In a previous article Kheshgi et al., 1992 , Raoult’s law

was introduced to account for the variations in the gas and
liquid molar flow rates along the reactor, and the liquid flow
rate of zero was considered identical to the disappearance of
the liquid phase. However, while the validity of the approach
is plausible, it was not verified experimentally. In a subse-

Ž .quent article by Khadilkar et al. 1999 , a similar approach
was followed.

In the present work, as well, we utilize Raoult’s law, which
has been extensively used in the description of gas�liquid
equilibrium in a closed system. However, Raoult’s law is ex-
tended here to a flowing system accompanied by a reaction,
as described by Eq. 1

A l qB g ™C l . 1Ž . Ž . Ž . Ž .

In the system chosen for the present study, A, B, and C
correspond to benzene, hydrogen, and cyclohexane, respec-
tively. The balance equations are established below.

For the vapor phase:

y q y q y s1. 2Ž .A B C

For the liquid phase:

x q x q x s1. 3Ž .A B C

Equations 1 and 2 are related through the equilibrium rela-
tions:

y sK x and y sK x . 4Ž .A A A C C C

Assuming the conversion of reactant A to be � , the molar
flow rates of the components are given as

F sF 0 1y� 5Ž . Ž .A A

F s My� F 0 6Ž . Ž .B A

F sF 0q�F 0 , 7Ž .C C A

where M is the ratio of feed flow rate of hydrogen to that of
benzene, that is, F 0sMF 0. Equations 5�7 provide the totalB A
flow rate:

F qF s 1qMy� F 0qF 0 , 8Ž . Ž .l ® A C

where F is the flow rate of liquid and F is that of the vapor.l ®
Assuming negligible solubility of hydrogen in the liquid, that
is, x � 1, Eqs. 2�4 and the definition of y ,B B

FB
y s 9Ž .B F®

provide the relation

My� F 0Ž . A
F s 10Ž .® 1yK

for the vapor-phase flow rate. Here the gas�liquid equilib-
rium constant, K , is used instead of K and K , since theA C
physical properties of A and C are similar.

The liquid flow rate is now obtained from Eqs. 8 and 10 as:

My� F 0Ž . A0 0F s 1qMy� F qF y . 11Ž . Ž .l A C 1yK

It should be noted that in benzene hydrogenation, M is al-
ways greater than 3, which is the stoichiometric ratio of hy-
drogen to benzene. Therefore, the parameter � can be ne-
glected in comparison with M, since the conversion of reac-
tant A in the liquid phase is normally less than 0.15, in view
of the liquid vaporization heat being one-tenth to one-sev-
enth of the reaction heat. Consequently, Eq. 11 can be re-
duced to

MF 0
A0 0F s 1qM F qF y . 12Ž . Ž .l A C 1yK

Since A and C have similar physical properties, F 0qF 0 canA C
be lumped as the total liquid flow rate F 0, and therefore thel
hydrogen flow rate MF 0 can be replaced by NF 0, with NA l
being the dimensionless flow rate of hydrogen with respect to
F 0. Equation 12 is therefore reduced tol

NF 0
l0F s 1qN F y . 13Ž . Ž .l l 1yK

From Eq. 13 it is seen that liquid flow rate decreases from
F 0 to F in the presence of hydrogen. In addition, by increas-l l
ing the system temperature, F can decrease to zero, sincel
the gas�liquid equilibrium constant K increases with tem-
perature. The vanishing condition of the liquid flow rate is
therefore obtained by setting F s0 in Eq. 13, which leads tol

1
Ks . 14Ž .

1qN

Following Raoult’s law, the equilibrium constant, K , can be
represented as the ratio of the saturation pressure of liquid
phase at temperature, T , to the total pressure of the system,
that is,

P 0 TŽ .A
Ks , 15Ž .

Psum

Ž .which has been employed by Kheshgi et al. 1992 . Combin-
ing Eqs. 14 and 15 provides
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Figure 1. Fraction of liquid not evaporated under differ-
ent operating conditions.
P : A � 1.0 MPa; B � 2.0 MPa; C � 3.0 Mpa.sum

P 0 T 1Ž .A ® s , 16Ž .
P 1qNsum

where T is the temperature at the point at which liquid van-®
ishes in the reactor. Equation 16 indicates that this tempera-
ture is not only dependent on system pressure, but also on
the ratio of gas-to-liquid molar flow rate, N. Assuming that
the feed gas is composed of pure B, while the liquid feed is a
mixture of A and B. The criterion for liquid vanishing is ob-
tained as below:

F 0 P 0 TŽ .l A ®s . 17Ž .0 0F P y P TŽ .B sum A ®

Here the saturation vapor pressure P 0 has been calculatedA
Ž .with the Lee�Kesler equation as given in Reid et al. 1987 .

The theoretical results from Eqs. 13 and 17 are plotted in
Figures 1 and 2. It is seen in Figure 1 that the amount of
liquid not vaporized is a function of the system temperature,
the gas-to-liquid flow-rate ratio, as well as the system pres-
sure. Since a zero liquid flow rate means the disappearance
of the liquid, the liquid vanishing temperature, T , can be®
obtained from Figure 1 at F s0, and the results are given inl
Figure 2. It shows that the liquid can disappear at a much
lower temperature in the presence of hydrogen, which is rea-
sonable thermodynamically.

Experimental Studies
Experiments were carried out in a three-phase fixed-bed

reactor with gas and liquid flowing concurrently upward. The
reactor was heated by electricity and kept adiabatic with
glass-wool insulation. Temperature profiles along the reactor
length were measured by means of 12 thermocouples in-
serted through the reactor w all. T w o kinds of
catalysts�Catalyst A with 0.5% Pd supported over Al O ,2 3
and Catalyst B with Ni�B amorphous alloy supported over
Al O �were employed. Independent experiments demon-2 3

Figure 2. Liquid vanishing temperature under different
pressures and gas-to-liquid molar flow-rate
ratios.

strated that Catalyst A was less active, with an activity about
one-third of Catalyst B. A detailed description for the flow

Ž .diagram is available elsewhere Cheng et al., 2001a .

Results and Discussion
Experimental e©aluation of the liquid phase

Vaporization of the liquid phase can lead to depletion of
the liquid phase and consequently to partial wetting or even
dryout of the reactor. Presumably, the liquid flow rate should
be zero once the vanishing temperature is attained, and
therefore there will be no liquid region in the reactor once
the inlet temperature is above the vanishing temperature. To
identify the validity of this assumption, experiments under the
inlet temperatures above T will provide the most rigorous®
demonstration.

Reactor performances under five inlet temperatures
Ž .130�C, 140�C, 150�C, 160�C, and 170�C are shown in Fig-
ures 3. In these experiments, the vanishing temperature, T ,®
is predicted to be 117�C, which is 13�C, 23�C, 33�C, 43�C, and
53�C lower than the respective inlet temperature. It would
appear that under all these conditions, the liquid can exist
above the predicted vanishing temperature, T , which could®
be deduced from the flat temperature profile at the entry of
the reactor. The flat temperature profile in the entry region
should be explained as a result of the heat balance between
the evaporation of liquid and reaction heat. To clarify the
boundary between the liquid- and the gas-phase regions,
dashed lines are plotted by connecting the observed phase-
transition points. To further verify the validity of the assump-
tion on the corresponding relationship between the flat tem-
perature profile and liquid region, reaction-rate dependence
on benzene concentration may be explored.

It is known that under the liquid condition the reaction
rate is dominated by hydrogen pressure in view of its scant
solubility in benzene, while the order with respect to the liq-
uid reactant, benzene, will be zero. Under the gas-phase con-
dition, the reaction-rate dependence will be different. For the
present system, the reaction order for benzene will be greater
than zero in the gas phase, since hydrogen is in large excess
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Figure 3. Influence of inlet temperature on liquid van-
ishing process.
P s1.0 MPa; C 0s16.6%; u s1.46�10y3 mrs; u ssum B l g
0.126 mrs; T s 117�C. T , T : � � 130�C; `� 140�C:® i n w
^� 150�C; \� 160�C; �� 170�C. Conversion: �, `, ^,
\, �� 100%.

for obtaining high conversion of benzene. Therefore, if the
reaction rate is found to be independent of the benzene con-
centration at the inlet, the reaction can be considered to be
in the liquid region.

Although a direct measurement of the reaction rate is not
available, temperature measurements can be used instead,
since the reactor is operated almost adiabatically. In Figure 4
it is observed that the reactor temperatures under different
benzene concentrations fall into the same profile in the first
30 cm, which is considered to be the liquid region. Similar
temperature profiles are also observed for Catalyst B, while
the only difference is that the length of the liquid region is
reduced from 30 cm to 10 cm, which is in agreement with the
difference in the activity of the two catalysts. Further down-
stream, the variation in temperature with inlet feed concen-
tration indicates that the reaction rate is a function of ben-
zene concentration. This implies that in this region the reac-
tion occurs in the gas phase, and therefore evaporation has
occurred.

The preceding experimental results indicate that the liquid
phase can exist above the vanishing temperature, T , which is®
in conflict with the theoretical speculation. This discrepancy

Figure 4. Identification of liquid region from concentra-
(tion experiments for Catalyst A the less ac-

)tive catalyst .
P s 1.0 MPa, u s1.46�10y3 mrs; u s 0.126 mrs; T ssum l g in
T s 1 5 0 �C ; T s 1 1 7 �C . H rC H : � � 3 3 .6 ;w ® 2 6 6
`� 10.7;^ � 7.2; \ � 4.8; � � 3.3. Conversion: � ,
`� 100%; ^� 53.3%; \� 44.5%; �� 37.0%.

can be rationalized by considering T �T as a necessary con-®
dition, rather than a sufficient one for dryout. The existence
of liquid phase over the vanishing point, T , can be explained®
by considering the boiling point of the mixture of benzene
and cyclohexane. At 1.0 MPa, the boiling point is 180�C, which
is 63�C and 65�C above the two T values shown in Figures 4®
and 5. Since the boiling point of the liquid is greater than T ,®
the liquid can be thermodynamically stable despite the inlet
temperature being above T . Thus, an improved vapor�liquid®
equilibrium model is required for more accurate predictions
of T in comparison to Raoult’s law.®

Experimental dependence of liquid-region length
Verification of the existence of the liquid phase provides a

qualitative description of the present subject; however, this

Figure 5. Identification of liquid region from concentra-
(tion experiments for Catalyst B the more ac-

)tive catalyst .
P s1.0 MPa, u s1.36�y3mrs; u s 0.126 mrs; T sTsum l g i n w
s 150�C; T s 115�C. H rC H : \� 19.9; � � 11.2;® 2 6 6
`� 8.55; ^� 6.3. Conversion: \, �, `, ^� 100%.
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Figure 6. Effect of liquid flow rate on phase transition
for Catalyst B.
P s1.0 MPa; C 0s31.5%; u s 0.126 mrs; T sT ssum B g in w
150�C. u : `� 3.58�10y3 mrs; � � 5.24�10y3 mrs. T : `l ®
�142�C; � � 152�C. Conversion: `� 41%; � � 14%.
Phase transition point: 1� 30 cm; 2� 45 cm.

information is insufficient for a complete understanding of
the phase-transition process. For this purpose, various fac-
tors, including catalyst activity, liquid flow rate, gas flow rate,
and the operation pressure, need to be studied.

The influence of catalyst activity can be observed in Fig-
ures 4 and 5, where it is found that the liquid-region length is
inversely proportional to the catalyst activity, and thereby the
reaction rate. Experiments under different liquid flow rates
are shown in Figure 6. The liquid-region length is found to
be approximately proportional to the liquid flow rate, which
implies that the heat required for liquid vaporization under
the adiabatic condition is only supplied by the reaction heat.

Figure 7 shows the experimental results for operation at
different gas flow rates. The gas flow rate can greatly reduce
the liquid vanishing temperature, and therefore increase the

Figure 7. Effect of gas flow rate on phase transition for
Catalyst A.
C0s21.2%; P s1.0 MPa; Ls 0.88�10y3 mrs; T sTB sum i n w
s150�C. u : � � 0.064 mrs; `� 0.088 mrs; ^� 0.126 mrs.g
T : � � 123�C; `� 113�C; ^� 102�C. Conversion: �, `,®
^� 100%.

liquid evaporating rate. However, an obvious decrease in
temperature profile was obtained in the liquid region under a
gas flow rate of 0.126 mrs. This can be explained by the much
faster vaporization of the liquid than in the other cases, due
to the much lower vanishing temperature. In spite of these
details, the gas flow rate has almost no effect on the length of
the liquid region.

The pressure effect on phase transition is somewhat com-
plex, as is shown in Figure 8. In this figure, two kinds of
liquid inlet temperature, T , are employed, that are above orin
below T . When T is higher than T , the liquid-region® i n ®
lengths are the same, while when T is lower than T , thein ®
liquid-region lengths show some difference. This is because,
in this case, the inlet liquid temperature has not reached the
phase-transition temperature, so that the heat of the reaction
will be used first to increase the system temperature and then
for the vaporization. Therefore, enlargements of the liquid
region under 2.5 and 3.0 MPa are observed in comparison
with the other low-pressure cases.

Estimating the length of the liquid region
The liquid-region length can be estimated from the heat

balance between the reaction heat and the vaporization heat
of the liquid fluid. Assume that the superficial liquid velocity
is u , the reaction rate in the liquid phase is r, and the reac-l
tion heat and the vaporization heat are � H and � H , re-r ®
spectively. Then the liquid-region length, L, can be approxi-
mated as

l � H®
Lsu � � , 18Ž .l r � Hr

which assumes relative constant temperature and reaction
rate in the liquid region. This is consistent with the experi-
mental observations in Figures 3 to 8. It should be noted that
Eq. 18 applies only to the situation where liquid temperature
is above the vanishing temperature. The validity of this equa-
tion in the reaction rate, r, has been verified from experi-
ments under different catalyst activities, which shows the liq-
uid-region length to be inversely proportional to the catalyst
activity. Experiments under different liquid flow rates have
verified the linear relationship between L and u , as can bel
observed from Figure 6. It should be noted that the liquid
vanishing temperature, T , is not involved in Eq. 18, since®
this variable is not related to heat balance, and this consider-
ation has been confirmed from experiments under the differ-
ent gas flow rates shown in Figure 7.

Conclusions
The liquid vanishing process as well as the dryout phenom-

ena in a three-phase fixed-bed reactor have been investi-
gated. The vanishing point is defined as the point where the
liquid flow rate is zero from the thermodynamic condition
without considering whether or not sufficient energy is avail-
able for evaporation of the liquid phase. In the experiments,
it was found that a certain entry length is needed before the
liquid flow rate becomes zero, even when the inlet tempera-
ture is above the vanishing temperature, since the reaction
heat in the entry region produces the required heat for liquid
vanishing.
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Figure 8. Effect of pressure on phase transition for Cat-
alyst B.
C0s26.0%, u s1.16�10y3 mrs; u s 0.126 mrs; T sTB l g in w
s150�C. T : � � 111�C; `� 128�C; ^� 140�C; \� 152�C;®
�� 162�C.

The liquid temperature can stay nearly constant in the en-
try section of the reactor before all the liquid has been vapor-
ized. The length of the liquid region can be estimated from
the heat balance between the reaction and vaporization, and
is proportional to the liquid flow rate and the vaporization
heat, but is inverse to the reaction rate and reaction heat.
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Notation
C 0sinlet benzene concentration in dilution by cyclohexane, vol %B

Fsmass flow rate, molrs
F smass flow rate in liquid phase, molrsl

� H sreaction heat, kJrmolr
� H svaporization heat of liquid, kJrmol®

Ksequilibrium constant in Raoult’s law
Lslength of the liquid region, m

M, Nsmolar flow rate ratio of gas to the liquid
P stotal pressure of all components, MPasum
0Ž .P T ssaturated vapor pressure of the liquid at temperature T , MPa

rsreaction rate, molrkgcat � s
Tstemperature, �C

T sinlet temperature of the reactant mixture, �Ci n
T svanishing temperature of the liquid, �C®
T sreactor wall temperature, �Cw
u sgas-phase flow rate, mrsg
u sliquid-phase flow rate, mrsl
xsmolar fraction in liquid phase
ysmolar fraction in vapor phase

Greek letters
�sconversion of the reactant

Superscripts and Subscripts
0sinitial state
Asliquid reactant

Bsgas reactant
Csliquid product
lsliquid phase
®svapor phase
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