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A stator–rotor–stator spinning disc reactor is presented, which aims at intensification of convective heat-transfer rates
for chemical conversion processes. Single phase fluid-rotor heat-transfer coefficients hr are presented for rotor angular
velocities x502157 rad s21 and volumetric throughflow rates /v515220 � 1026 m3s21. The values of hr are independ-
ent of /v and increase from 0.95 kWm22K21 at x 5 0 rad s21 to 34 kWm22K21 at x 5 157 rad s21. This is a factor 2–
3 higher than values achievable in passively enhanced reactor-heat exchangers, due to the 1–2 orders of magnitude
larger specific energy input achievable in the stator–rotor–stator spinning disc reactor. Moreover, as hr is independent
of /v, the heat-transfer rates are independent of residence time. Together with the high mass-transfer rates reported for
rotor–stator spinning disc reactors, this makes the stator–rotor–stator spinning disc reactor a promising tool to intensify
heat-transfer rates for highly exothermal chemical reactions. VC 2015 American Institute of Chemical Engineers AIChE
J, 61: 2307–2318, 2015
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Introduction

An important limitation for increasing chemical produc-
tion rates per volume of reactor (i.e., intensification of the
process) is the ability of the reactor to remove the produced
heat of reaction. An inhomogeneous temperature distribution
often results in decreasing reaction selectivity due to forma-
tion of by-products, and for highly exothermal reactions it
can even lead to thermal runaway and overheating of the
reactor surface.1–4 Therefore, there is great interest in
increasing the convective heat-transfer rate of chemical reac-
tors, which is mainly done by application of passively
enhanced heat exchangers for chemical conversion proc-
esses.4–9 Well established passive heat-transfer enhancement
techniques include plate heat exchangers10,11 and plate fin
heat exchangers.12,13 One of the main difficulties in applying
intensified heat exchangers as chemical reactors is the direct
correlation between throughflow velocity and the convective
heat-transfer rate. The residence time required for a reaction
can be increased by either increasing the reactor length
(resulting in a higher pressure drop) or by decreasing the
throughflow velocity (resulting in a lower heat-transfer rate),
for which thus an optimum must be found.11,12,14,15 Active
heat-transfer intensification of chemical reactors, which aims
to enhance convective heat-transfer independently of
throughflow velocity, has received little attention beyond
classic stirred tank reactors.16,17

The rotor–stator spinning disc technology aims at increasing
volumetric production rates by utilization of centrifugal forces
and high-shear conditions. The technology is based on two
closely spaced (typically 1–10 mm) parallel discs, rotating at
different angular velocities (in case x > 0 rad s21 the disc is
called a rotor, when x 5 0 rad s21 the disc is called a stator),
with the reaction fluid flowing through the axial gap between
both discs. Due to the high velocity gradient a large shear
force is exerted on the fluid, resulting in high turbulence
intensities and large interfacial areas in the case of multiphase
flows. This results in high volumetric rates of gas–liquid,18

liquid–liquid,19 and liquid–solid20 mass-transfer in the rotor
stator spinning disc reactor (rs-SDR). Fluid-stator heat-transfer
coefficients have been shown to increase with increasing
angular velocity as well,17 up to hs58:8 kWm22K21 at
x 5 30 rad s21. Moreover, hs is shown to be independent of
volumetric throughflow rate for x > 5 rad s21. The heat-
transfer rate is then determined by the angular velocity of the
rotor. The spinning disc technology is therefore a promising
way to intensify heat and mass-transfer rates, independent of
the residence time in the reactor. However, the overall heat-
transfer performance of the rs-SDR (where the fluid inside the
rotor–stator cavity was cooled using channels embedded in
the stator wall) was rather limited, due to heat-transfer resis-
tances presented by conduction through the stator wall and
convection in the stator channels.17

The stator–rotor–stator spinning disc reactor (srs-SDR)
aims to further increase the convective heat-transfer rates for
chemical reactions, by enabling heat-transfer between two
separate rotor–stator cavities. A single stator–rotor–stator
stage consists of a stationary disc (inner stator) attached to a
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central shaft, enclosed by a rotating cylindrical housing
(rotor), see Figure 1. The rotor is again enclosed by a sta-
tionary cylindrical housing (outer stator). The axial clearance
between the rotors and stators is low (2 mm). In this way,
two rotor–stator cavities are obtained, separated by a com-
mon rotor. This common rotor acts as heat exchanging area,
with fluid-rotor convective heat-transfer on both sides. The
srs-SDR thus exerts high shear forces on both heat exchang-
ing fluids, increasing convective transport of heat in both
rotor–stator cavities.

The current work presents the novel stator–rotor–stator
spinning disc reactor and its heat-transfer performance for
single phase flow. Fluid-rotor heat-transfer coefficients are
determined as a function of angular velocity and volumetric
throughflow rate. The resulting heat-transfer coefficients are
compared to results for rotor–stator systems available in lit-
erature. Additionally, the energy dissipation rate and the
pressure drop (i.e., the energetic costs of the increased heat-
transfer rates) are described. The (overall) thermal perform-
ance of the srs-SDR is compared with reactors commonly
used in industry as well as with passively intensified reactor-
heat exchanger concepts.

The steady-state heat-transfer model used to obtain the
experimental heat-transfer coefficients is described in the
Modeling Approach. The Experimental Section describes the
experimental setup and procedure. In the Results and Discus-
sion, the experimentally obtained heat-transfer coefficients
are presented, followed by the rotational energy dissipation
rate and the pressure drop over the reactor. Subsequently,
the effectiveness of heat exchange in the srs-SDR is dis-
cussed. An evaluation of the srs-SDR and a comparison with
other types of reactors is made in the Reactor Evaluation
and Comparison, followed by the Conclusion.

Modeling Approach

A steady-state heat-transfer model is used to describe the
fluid flow and heat-transfer in the srs-SDR. Experimentally
obtained outlet temperatures are fitted with non-linear least
square regression (MATLABVR ) to this model, with the fluid-

rotor heat-transfer coefficient hr as fitting parameter. In the
current work, the heat-transfer model presented by De Beer
et al.17 for a rs-SDR is applied to the srs-SDR. First, the
fluid flow model is briefly described, followed by the applied
heat-transfer model.

Fluid flow model

The fluid flow inside a rotor–stator cavity is modeled as
regions of radial plug flow at low radial positions in combi-
nation with a single ideally mixed region at high radial posi-
tions.21 This is a simplification of the hydrodynamics within
rotor–stator cavities with externally applied throughflow. The
plug flow at low radial positions represents a throughflow-
dominated regime, where the radial velocity is centrifugal or
centripetal over the entire rotor–stator axial gap (depending
on the direction of the imposed throughflow). The ideally
mixed region at high radial positions describes the rotation-
dominated regime, where the radial velocity is centrifugal
along the rotor and centripetal along the stator. Details of
this fluid flow model can be found in De Beer et al.21 Tran-
sition between the plug flow and ideally mixed regions is
assumed to occur at a discrete radial position, rtrans. For fluid
flow in the exterior cavity the relevant dimension* is rr;o and
rext

trans is determined from17,21:
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For the interior cavity the relevant dimension is rint
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The proportionality constant c of Eqs. 1 and 2 is defined
as17,21:

c58:4 � 1024e146:6G G < 0:038 (3)

c50:219 G � 0:038 (4)

where G5Gext for Eq. 1 and G5Gint for Eq. 2, respectively.
The regions of radial plug flow in the exterior and interior

cavities are modeled as forty continuous stirred tank reactors
in series, as annular cylinders with evenly distributed vol-
umes from rr;1 to rext

trans and from rint
s;i to rint

trans, respectively.
The well-stirred regions at high radial positions are modeled
as single ideally stirred tanks.

Heat-transfer model

The heat-transfer model consists of enthalpy balances for
each separate ideally stirred tank defined in the fluid flow
model, see Figure 2. The enthalpy balance for each tank in
the exterior cavity Vk is given by:

Figure 1. Schematic representation of a single stator–
rotor–stator cavity.

It consists of a stationary disc (inner stator) enclosed by

a rotating cylindrical housing (rotor), as shown in (a).

The rotor is again enclosed by a stationary cylindrical

housing (outer stator). In this way two rotor–stator cav-

ities are obtained, separated by the common rotor. The

axial gap between the rotor and the stators is low, typi-

cally in the range of millimeters. Nomenclature of the

relevant dimensions used in this work are shown in (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

*In the current work dimensionless numbers are used to describe the fluid flow inside
the rotor–stator cavities, as well as to compare the obtained heat-transfer coefficients
with literature data. For the fluid flow the characteristic dimensions are rr;o for the
exterior cavity and rint

s;o for the interior cavity. Dimensionless numbers pertaining to
fluid flow in either of the cavities are indicated by the superscript ext and int, respec-
tively. For heat-transfer the relevant dimension is rr;2 as for r > rr;2 the heat-transfer is
negligible. A more accurate characteristic length would be obtained by integrating the
local heat-transfer coefficient over the area relevant to heat-transfer, that is, rr;1 to rs;2
(e.g., 22,23). To perform this integration the radial dependency of the heat-transfer
coefficient should be known, which is very sensitive to the applied boundary condi-
tions.17 Therefore, in the current work the characteristic length was chosen to be rr;2.
Dimensionless numbers relevant for heat-transfer have no superscript.
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d

dt
qVkHkð Þ5qcp/

ext
v Tk2Tk21ð Þ2UrAr;k Tk2Tmð Þ1:::

1UsAs;k Tn2Tkð Þ1Edr;k

50

(5)

where Vm is the tank geometrically opposite of Vk on the
other side of the rotor and Vn is the tank opposite of Vk on
the other side of the stator. Edr;k is the energy dissipation
rate for tank Vk. For each tank in the interior cavity Vm, the
enthalpy balance is given by:

d

dt
qVmHmð Þ5qcp/

int
v Tm212Tmð Þ1UrAr;k Tk2Tmð Þ1:::

2UsAs;m Tm2Tnð Þ1Edr;m

50

(6)

where Vk is the tank geometrically opposite of Vm on the
other side of the rotor and Vn is the tank opposite of Vm on
the other side of the stator. Steady-state is approached by
solving Eqs. 5 and 6 for each tank for large t (t=sm > 1000)
using MATLAB

VR

ODE15s solver routine.
The overall heat-transfer coefficient through the rotor Ur

is defined according to:

Ur5
1

hr

1
dr
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1
1
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� �21

(7)

in which hr is the actual fitting parameter. As no radially
resolved temperature measurements are possible in the
current setup, hr for the plug flow and well-stirred
regions can not be determined independently. Therefore,
an equal value for hr is assumed in both regions. The
overall heat-transfer coefficient through the stator Us is
defined as:
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The rotor heat-transfer area of Vk and Vm is
Ar;k5Ar;m5p r2

k112r2
k

� �
, with rr;1 < rk < rr;2. The stator heat-

transfer area of Vk and Vm is As;k5As;m5p r2
k112r2

k

� �
, with

rext
s;i < rk < rext

s;o for the exterior cavity and rint
s;i < rk < rint

s;o for
the interior cavity.

The energy dissipation rate for Vk and Vm is determined
by:

Edr;j5

ðrj

rj21

Edr;locr dr5ar2r dr j5k;m (10)

where the local energy dissipation rate Edr;loc is assumed to
be proportional to the square of the local radius.17,25 The
proportionality constant a is obtained from experimental val-
ues of Edr:
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The rate of energy loss toward the environment and the
rates of energy production due to liquid pressure drop over
the interior and exterior cavities are neglected in the model,
as discussed in the Experimental Section.

Experimental Section

Experimental setup

Figure 3 shows a schematic representation of the srs-SDR.
The reactor (316L steel) consists of three stator–rotor–stator
stages and a rotating conical gas–liquid separator. A single
stator–rotor–stator stage exists of a stationary disc (the inner
stator) attached to a central shaft, enclosed by a rotating
cylindrical housing (the rotor) which is in turn again
enclosed by a stationary cylindrical housing (the outer sta-
tor). The rotor is driven by a SEW Eurodrive CFM71M. The
maximum angular velocity of 209 rad s21 is determined by
the applied dynamic lip seals of the reactor. Directly
attached to the rotor is the gas–liquid separator, with sepa-
rate outlets for both phases. As the scope of the current
work was limited to a single liquid phase, the gas-liquid sep-
arator was not utilized and only a single outlet was used.

The outer radius of the rotor is rr;o571 � 1023 m. The
axial gap between the rotor and both stators is s52 � 1023 m,
the radial gap is Drs52 � 1023 m on both sides of the rotor.
The reactor volume per stage is Vint

R 548:0 � 1026 m3 for the
interior rotor–stator cavity and Vext

R 565:8 � 1026 m3 for the
exterior cavity. The rotor thickness is dr51 � 1023 m
(between rr;1528 � 1023 m and rr;2560:5 � 1023 m), with a
thermal conductivity26 of kw 5 16 Wm21K21. The thickness
of the rotor between rr;i and rr;1 and between rr;2 to rr;o is
10:5 � 1023 m. Therefore the effective heat-transfer area per
stage is A52pðr2

r;22r2
r;1Þ50:018 m2. The width of both the

inner and outer stators is ds54 � 1023 m. The radius of the
inner stator is rint

s;o558:5 � 1023 m.
Liquid (demineralized water) was fed to the top of the

exterior cavity and withdrawn at the bottom. The liquid was

Figure 2. Schematic representation of the steady-state
heat balances for each separate ideally
stirred tank in the exterior cavity Vk and in
the interior cavity Vm, as defined in the fluid
flow model.

The plug flow regions at low radial positions are mod-

eled as forty ideally stirred tank reactors in series, while

the well-stirred region at high radial positions is mod-

eled as a single ideally stirred tank. [Color figure can be

viewed in the online issue, which is available at wileyon-

linelibrary.com.]
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fed from a 10 � 1023 m3 vessel, where it was preheated via
internal coils (Lauda ECO RE 630, 60.02 K). The liquid
volumetric flow rate was controlled by a Coriolis mass flow

controller (Rheonik RHM 04), up to /ext
v 525 � 1026 m3s21.

Liquid (demineralized water) was fed at the bottom of the
interior cavity and withdrawn at the top of the cavity; the
liquid in the interior cavity flowed in countercurrent mode
with respect to the liquid in the exterior cavity. The liquid

was fed from a 10 � 1023 m3 vessel, where it was cooled via
internal coils (Lauda WKL4600, 60.5 K). The liquid volu-
metric flow rate was controlled by a Coriolis mass flow con-

troller (Bronkhorst Cori-Flow M55), up to /int
v 525 � 1026

m3s21. The reactor was completely enclosed by a stainless
steel casing lined with double layers of HT/Armaflex
insulation.

Fluid temperatures were measured using platinum resistive

temperature detectors (PT100 1/10 DIN, 60:06
�
C). Temper-

atures were measured at the bottom and outlet of the interior

cavity (Tint
b and Tint

out, respectively), the inlet and bottom of

the exterior cavity (Text
in and Text

b , respectively), at the outlet

of the exterior cavity (Text
out) and outside the reactor to moni-

tor the temperature of the environment. To obtain Tint
in (the

inlet temperature of the interior cavity) an enthalpy balance
over the concentric tubes at the bottom of the reactor is
used:

d

dt
qVHð Þ5qcp/

ext
v Text

out2Text
b

� �
1:::

2qcp/
int
v Tint

in 2Tint
b

� �
50

(12)

Gauge pressures were measured (Huba Control relative
pressure transmitter type 520, 6600 Pa) at the inlet and outlets
of both the interior and exterior rotor–stator cavities. The pres-
sure difference over the interior and exterior cavities was cor-

rected for the hydrostatic pressure (qgDxint525:3 � 103 Pa,

qgDxext54:1 � 103 Pa).

Heat-transfer measurements

Heat-transfer rates, QT, were determined from overall
steady-state enthalpy balances over both the interior and
exterior cavities of the srs-SDR. The volumetric flow rate on

the exterior cavity side was /ext
v 515 � 1026 and 20 � 1026

m3s21 (60:08 � 1026 m3s21), corresponding to superposed
dimensionless throughflow rates of Cext

w 5211 and 280,

respectively. The exterior side inlet temperature Text
in ranged

between 40 and 42:5
�
C. The volumetric flow rate on the

interior cavity side was /int
v 515 � 1026 and 20 � 1026 m3s21

(60:08 � 1026 m3s21), corresponding to Cint
w 5256 and 341,

respectively. The interior side feed temperature Tint
b ranged

from 23 to 25
�
C. The angular velocity x ranged between 0

and 157 rad s21 (60.05 rad s21), corresponding to rotational

Reynolds numbers of Reext
x 50 to 7:9 � 105 (Reint

x 50 to

5:4 � 105). The axial clearance between the rotor and the sta-

tors was kept constant at s52 � 1023 m for both the exterior

and the interior cavities, corresponding to gap ratios of Gext

50:028 and Gint50:034, respectively. The heat-transfer rates
ranged from QT 5 240–850 W.

The overall steady-state enthalpy balance is shown in Eq.
13, including the contributions of heat production due to
pressure drop on both the exterior and interior sides, the heat
loss to the environment and the heat produced due to the
rotational motion of the rotor.

d

dt
qVHð Þ5qcp/

ext
v Text

in 2Text
out

� �
1:::

2qcp/
int
v Tint

out2Tint
in

� �
1:::

1Eext
dp 1Eint

dp2Eloss13Edr

50

(13)

Equation 13 was closed normally distributed within 4% of
QT for x � 10 rad s21. For x � 5 rad s21 the deviation is at
maximum 16% of QT. This is possibly due to tangential mal-
distribution at low angular velocities, which results in erro-
neous temperature measurements of Text

out, as this temperature
sensor is located at a single tangential position at the exit of
the exterior cavity. This is supported by the fact that the
deviation is largest for x 5 0 rad s21.

The rate of energy production due to pressure drop27

(Edp5/vDP) was at maximum 0.55 W (at Cext
w 5280 and

Reext
x 55:3 � 105), which is 0.23% of the lowest QT. The rate

of energy loss to the environment was obtained by keeping

Text
in 5Tint

b 545
�
C, x 5 0 rad s21 and measuring Text

b and Tint
out.

The value of Eloss is obtained by:

Figure 3. Schematic representation of the stator–rotor–
stator spinning disc reactor.

The reactor consists of three separate stator–rotor–stator

stages and a rotating conical gas–liquid separator. As

the scope of the current work is limited to a single liquid

phase, the gas–liquid separator is not used as such. The

maximum angular velocity x5209 rad s21. The outer

rotor radius rr;o571 � 1023 m. The axial clearance

between the rotor and both stators s52 � 1023 m. Pre-

heated liquid (water) is fed to the top of the exterior

cavity and withdrawn at the bottom. Cooled liquid

(water) is fed at the bottom of the interior cavity and

withdrawn at the top. The heat exchanging liquids thus

flow in countercurrent mode through the reactor. Fluid

temperatures were measured at the inlet and outlets of

both reactor cavities, as well as directly at the exit of the

bottom exterior cavity. Gauge pressures were measured

at the inlet and outlets of both cavities. The total current

to the motor was monitored to determine the torque

exerted on the rotor.
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Eloss5qcp/
ext
v Text

in 2Text
b

� �
1qcp/

int
v Tint

b 2Tint
out

� �
1Eext

dp 1Eint
dp50 (14)

The value of Eloss was maximum 9 W, which is 3.8% of
the lowest QT.

The rotational energy dissipation rate per stage was calcu-
lated using the torque exerted on the rotor, Eq. 15.

Edr5
xs
3

5
x I2I0ð ÞscIc

3
(15)

Values of s were obtained by measuring the current I sup-
plied to the motor, from which the internal current losses of
the motor I0 were subtracted, and multiplying it by motor
characteristics sc50:98 NmA21 and Ic 5 4 A. It should be
noted that the values of Edr are corrected for the idle energy
uptake of the motor, but not for the idle energy uptake of
the reactor (e.g., due to dynamic seals), which strictly make
Edr specific for the current setup. However, as the overall
enthalpy balance was closed within 4% of QT, it was con-
cluded that the values of Edr are close to the energy actually
dissipated into the liquid. The rotational dissipation rate is
maximum 160 W at Reext

x 57:9 � 105 which is maximum 30%
of QT.

The effectiveness of heat exchange g was determined
from Eq. 16, defined on the high-temperature stream /ext

v :

g5
QT

Qmax

5
qcp/

ext
v Text

in 2Text
out

� �
qcp/

ext
v Text

in 2Tint
in

� � (16)

Results and Discussion

Fluid–rotor heat-transfer

The values for the fluid–rotor heat-transfer coefficients are
obtained by fitting the experimental steady-state outlet tem-
peratures (on both exterior and interior cavity sides) to the
steady-state heat-transfer model described in the Modeling
Approach. The resulting values are depicted in Figure 4 as a

function of x for /ext
v 5/int

v 515 � 1026 (�) and 20 � 1026

m3s21 (�). The values of hr increase with increasing angular
velocity and are independent of volumetric throughflow rate.
This is in accordance with the rotation dominated heat-
transfer regime observed in literature,17,28,29 where heat-
transfer rates are independent of volumetric throughflow rate
and rotor–stator distance. The maximum value of hr is 34

kWm22K21 at x 5 157 rad s21 and /v520 � 1026 m3s21.
Figure 4 also displays the fluid–stator heat-transfer coeffi-
cients, hs (�), obtained in the multistage rotor–stator spin-
ning disc reactor.17 The values of hr are qualitatively similar
to the values of hs, however for x > 15 rad s21, hs is up to
80% higher than hr. This difference is discussed further
below. As hr increases, Ur increases with increasing x as
well. A maximum value of 8.3 kWm22K21 is obtained at

x 5 157 rad s21 and /v520 � 1026 m3s21. For x > 120 rad
s21, Ur is mainly limited by conduction through the rotor

drk
21
w .

Figure 5 shows the dimensionless fluid–rotor heat-transfer

coefficient Nur, as a function of Rex for /v515 � 1026 (�)

and 20 � 1026 m3s21 (�). For Rex < 1:1 � 105 a laminar
regime is observed, which is described by Eq. 17 (- -, in Fig-

ure 5). The observed Nulam
r / Re1=2

x is in accordance with lit-

erature.24,32–34 Equation 17 is, after correcting for water as a

fluid with34 Prair=Prwaterð Þ1=2
, 23% higher than the laminar

correlation for a free† disc33 and 35% lower than for laminar
flow in an enclosed† disc.24

Given the uncertainty associated

with the fluid correction factor of Pr1=2 (no experimental val-
idation is present in literature), this is relatively close.

For Rex > 2:3 � 105 a turbulent regime is observed,
described by Eq. 19 (- �, in Figure 5). The observed Nuturb

r

/ Re4=5
x is in accordance with literature.24,33–35 Eq. 19 is,

with a correction of34 Prair=Prwaterð Þ3=5
, 22% lower than the

turbulent correlation for a free disc35 and 15% lower than
for turbulent flow in an enclosed disc.24 Again, for the fluid
correction factor of Pr3=5 no experimental validation is pres-
ent, hence Eq. 19 is in relatively good agreement with
literature.

In between these two extremes, for

1:1 � 105 < Rex < 2:3 � 105, a transition from laminar to tur-
bulent flow occurs. This appears to be in agreement with liter-
ature, where the onset of transition from laminar to turbulent

flow is usually observed at Rex50:821:5 � 105 for rotor–stator
systems without externally applied throughflow.25,34,36,37‡

Quantative information on the dependency of Rex on Nur in
the transitional regime of rotating systems is scarce. For the

free disc usually Nutrans
r / Re2

x2Re4
x is observed.38–40 For an

enclosed disc Nutrans
r / Re1:06

x is reported,41 while for liquid–

rotor mass transfer in a rs-SDR a dependency of Re2
x is

reported.20 The values of Nutrans
r in the current work are found

Figure 4. Experimentally obtained values of hr as func-
tion of x for /v515 � 1026 (�) and /v520 � 1026

m3s21 (�) and values for hs obtained by De
Beer et al.17 (�).

The values of hr are independent of /v and increase

with increasing x, up to hr 5 34 kWm22K21 at x 5 157

rad s21. This is in accordance with the rotation domi-

nated heat-transfer regime observed in literature.28 For

x>15 rad s21, hs is up to 80% larger than hr.

†A free disc is a single rotor rotating in a quiescent environment, an enclosed disc con-
sists of a rotor fully enclosed by a cylindrical stator. In both systems no external
throughflow is applied.
‡For rotor–stator systems with externally applied throughflow, no quantitative data on
the values of Rex for which the laminar-turbulent transition occurs is available.
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to be described by Eq. 18 (–-, in Figure 5). The observed

Nutrans
r / Re2:14

x is similar to the liquid–rotor mass-transfer

correlation presented by Meeuwse et al.20

Nulam
r 51:4 Re

1
2
x Rex < 1:1 � 105 (17)

Nutrans
r 53:5 � 1029 Re2:14

x 1267 1:1 � 105 � Rex < 2:3 � 105 (18)

Nuturb
r 50:073 Re

4
5
x Rex � 2:3 � 105 (19)

Comparing the values of Nur to the values of Nus
17 (� in

Figure 5), it can be seen that in the current work turbulence
is obtained at much higher values of Rex. For Rex < 0:4
�105 the values of Nur are equal to the values of Nus, but
Nur reaches the turbulent level only for Rex � 2:3 � 105. The
values of Nus are at a turbulent level already for
Rex > 0:4 � 105. Qualitatively, this is in accordance with lit-
erature, where turbulence is observed at lower Reynolds
numbers at the stator then at the rotor.30,31,36 This is argued
to be due to the fluid in the rotor boundary layer being fed
from the laminar region close to the shaft (as along the rotor
the radial velocity is centrifugal), while the fluid in the stator
boundary layer is being fed from the turbulent region at the
rim of the rotor (as along the stator the radial velocity is
centripetal).31

For engineering purposes it is clear that single phase heat-
transfer in spinning disc reactors (both rotor–stator and
stator-rotor–stator SDR) is well predicted by Eqs. 17 and 19.
For fluid–rotor heat-transfer both the laminar and turbulent

flow regimes need to be considered, while for fluid–stator
heat-transfer the correlation for Nus for turbulent flow is suf-
ficient in practice.17

Rotational energy dissipation rate

Figure 6 displays the values of Edr per stator–rotor–stator

stage (obtained by Eq. 15) as a function of Reext
x for /ext

v 5

/int
v 515 � 1026 (�) and 20 � 1026 m3s21 (�). The value of

Edr increases with increasing Reext
x and is independent of /v,

which is in accordance with literature.17,25,42 The empirical
correlation for the rate of rotational energy dissipation in a
rotor–stator spinning disc reactor presented by De Beer
et al.,17 Eq. 20, is shown in Figure 6 (—).

Edr52 � 5:73 � 10212 Gextð Þ20:14
Reext

x

� �2:12
� �

Reext
x < 11 � 105

(20)

The original correlation17 is presented for a single rotor–stator
stage (i.e., for two rotor–fluid interfaces); because a stator-rotor–
stator stage consists of four rotor–fluid interfaces (see Figure 1)
the correlation is multiplied by two for each stator–rotor–stator

stage, yielding Eq. 20. Figure 6 shows that for Reext
x � 1:5 � 105

the current values of Edr are well described by Eq. 20, deviations

are within 5%. For Reext
x < 1:5 � 105 larger deviations are

observed. This is possibly explained by friction due to the
dynamic lip seals: with increasing angular velocity a lubricating
liquid film forms between the seal and the shaft, decreasing the

friction resistance.43,44 The observation that for Reext
x � 1:5

�105 the values of Edr are well described by Eq. 20 (which was
obtained using an overall enthalpy balance for a rs-SDR17), indi-
cates that Edr is indeed close to the rates of energy actually dissi-
pated into the liquid (see the Experimental Section). The
correlation presented by Daily and Nece25 for the rate of energy
dissipation in an enclosed disc (for turbulent flow and small
rotor–stator axial gap), is shown in Figure 6 (- -). In the rs-SDR

Edr / Reext
x

� �2:12
, whereas for the enclosed disc Edr / Reext

x

� �11
4 .

This difference is possibly explained by the relatively low values

of Reext
x for which Eq. 20 was obtained: Reext

x � 11 � 105 for the

rs-SDR,17 compared to Reext
x 5107 for the enclosed disc.25

Pressure drop

The total pressure drop over the srs-SDR for the exterior
and interior cavities is shown in Figure 7 as a function of

Reext
x and Cext

w and Reint
x and Cint

w , respectively. Both DPint
T

and DPext
T increase with increasing Reext=int

x and increasing

C
ext=int
w , which is qualitatively consistent with pressure

measurements in literature.45–47 For DPext
T this increase with

Reext
x and Cext

w is linear, as was observed for the rs-SDR.17

For DPint
T a linear increase with Reint

x is observed at higher

values of Rex. The different offset for DPext
T and DPint

T at

Reext=int
x 50 is not fully understood, however at high angular

velocities DPext
T and DPint

T appear to be similar. The values

of DPT include, apart from the pressure drop over the stator–
rotor–stator stages, the internal inlet and outlet tubes with

sharp 90
�

bends. It is estimated§ that 20–50% of the total
pressure drop is due to these inlet and outlet tubes.

Figure 5. Experimentally obtained values of Nur are
shown as function of Rex for /v515 � 1026

(�) and /v520 � 1026 m3s21 (�), as well as
values for Nus obtained by De Beer et al.17

(�).

For Rex<1:1 � 105, a laminar regime is observed,

described by Eq. 17 (- -), while a turbulent regime is

observed for Rex>2:3 � 105, described by Eq. 19 (- �).
The transition between both regimes for

1:1 � 105<Rex<2:3 � 105, is described by Eq. 18 (–-).

Transition from laminar to turbulent occurs at lower

Rex for Nus than for Nur, which is in agreement with

literature.30,31[Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

§A correction for the inlet and outlet tubes and sharp bends inside the reactor (to yield
a net pressure drop over the stator–rotor–stator stages) was estimated by using the
Darcy-Weisbach equation27 with the correlation presented by Blasius48 to estimate the
fF for straight tubes and assuming f 5 1.3 for each 90

�
bend.49
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Heat exchange effectiveness

Figure 8 shows the effectiveness g of heat exchange in the
srs-SDR (for three stages) as a function of angular velocity,
for volumetric throughflow rates of /ext

v 5/int
v 515 � 1026 (�)

and 20 � 1026 m3s21 (�). The values of g increase from 0.24
to 0.61 by increasing x from 0 to 83 rad s21, for /v520
�1026 m3s21. This is explained by the increasing Ur with
increasing x, as for any heat exchanger g is a positive func-
tion of UA=qcp/v

� �
.¶ This explains as well why g decreases

with increasing /v and constant x: a higher thermal load
(qcp/v) requires a higher capacity heat exchanger.

For x > 83 rad s21, g decreases with increasing x, whereas
a further increase of Ur is observed. This is due to the rotational
energy dissipation rate being no longer negligible compared to
QT; instead of approaching Tint

in further, Text
out increases with

increasing x. Therefore, the effectiveness of the srs-SDR as a
heat exchanger can not be increased indefinitely by increasing
x alone; the heat exchanging area needs to be increased by
increasing the number of stages. Obviously, when the aim of
the heat exchanger is to heat up a stream (and not necessarily to
cool down the other) this limitation is not relevant.

Reactor Evaluation and Comparison

Convective heat-transfer coefficients

Convective heat-transfer rates are increased by increasing
the specific energy rate � dissipated into the fluid. Figure 9

displays the currently obtained values of hr (�) as a function
of �5ðEdr1DP/vÞV21

L . The transition from laminar to turbu-
lent can be clearly noticed by the steep increase of hr for �
> 105 Wm23

L . The observed trends of hr5f �ð Þ are in agree-
ment with rotor–stator systems described in literature: for the
laminar regime hr / �

1
4 (from25 � / x2 and32 hr / x

1
2), for

the turbulent regime hr / �0:29 (from25 � / x
11
4 and32

hr / x
4
5).

Figure 9 also displays correlations for the heat-transfer
coefficients in tubular reactors (solid line for dh510 � 1023

m), plate heat exchangers (dashed line for dh52 � 1:5 � 1023

m) and plate fin heat exchangers (circular markers with solid
line, dh52 � 1023 m), for comparison. The equations used in
Figure 9 can be found in Appendix A. The correlations for
laminar and turbulent regimes are displayed by the thick
lines, the transition between laminar to turbulent regimes is
indicated by the thin lines. Practical operation limits for the
considered reactor-heat exchangers are indicated in Figure 9
as shaded boxes.** From the correlations displayed in Figure
9 it can be observed that the correlation between � and h is
rather similar for all turbulent flows considered:
h / �0:242�0:29. This is close to h / �1

4 observed by

Figure 6. Experimentally obtained values of Edr as
function of Reext

x for /v515 � 1026 (�) and /v

520 � 1026 m3s21 (�).

The empirical correlation for Edr in a rs-SDR presented

by De Beer et al.,17 Eq. 20, is shown (–-), as well as the cor-

relation presented by Daily and Nece25 for Edr in an

enclosed disc for turbulent flow and small rotor–stator

axial clearance (- -). Edr increases with increasing Reext
x

and is well described by Eq. 20. In the SDR

Edr / Reext
x

� �2:12
, whereas for the enclosed disc25

Edr / Reext
x

� �11
4 .

Figure 7. Experimentally obtained values of DPext
T as func-

tion of Reext
x for /ext

v 515 � 1026 (Cext
w 5211; �)

and /ext
v 520 � 1026 m3s21 (Cext

w 5280; �) and D
Pint

T as function of Reint
x for /int

v 515 � 1026

(Cint
w 5256; W Cint

w 5256; W) and /int
v 520 � 1026

m3s21 (Cint
w 5341; � Cint

w 5341; �).

Both DPext
T and DPint

T increase with increasing angular

velocity and volumetric throughflow rate.

¶g5f qcp/
ext
v =qcp/

int
v

� �
is not considered in the current work as /ext

v 5/int
v for all

measurements.

**The upper practical limit of � for tubular, plate and plate fin reactor-heat exchangers
is assumed to be DPs21

m 51 � 105 Pa per second residence time, a typical operating
value for passively enhanced heat exchangers.10,11,14 Obviously, this limit is rather
arbitrary: at the expense of a higher pressure drop, operation at higher values of � is
possible. The lower practical limit of � for tubular reactors is the point where transition
from the turbulent to the laminar regime starts, before which h rapidly decreases. This
rapid decrease of h with decreasing � does not occur for plate and plate fin heat
exchangers, therefore no lower practical limit of � for the compact heat exchangers is
indicated.
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Calderbank and Moo-Young,50 who correlated this to the
Kolmogorov length scale of the smallest eddies (which is
proportional to51 �2

1
4). Therefore it can be concluded that the

convective heat-transfer coefficient is mainly determined by
the turbulence intensity in the fluid, irrespective of it being
induced in an active way (as is the case in the srs-SDR), or
in a passive way by introducing a high pressure drop.11

However, as the shaded boxes in Figure 9 indicate, the val-
ues of hr obtained in the srs-SDR are a factor 2–3 higher
than film coefficients practically achievable in established
reactor-heat exchangers. This is due to the higher values of �
that can be realized in the spinning disc reactor, that is, the
high levels of turbulence intensity allow intensification of
the convective heat-transfer. For � < 3 � 105 Wm23

L it is clear
that the passive enhancement techniques perform much bet-
ter than the srs-SDR, due to the rather steep decline in hr

observed in the srs-SDR at the transition from turbulent to
laminar flow regime. Preventing this steep decline in h at
low values of � is indeed the main aim of passive heat-
transfer enhancement.14

Reactor operation

As was discussed previously, the convective heat-transfer
coefficient in turbulent flow is mainly determined by intensity
of turbulence dissipation into the fluid. In the srs-SDR specific
energy dissipation rates up to �53:9 � 106 Wm23

L are achieved
for x 5 157 rad s21, yielding hr 5 34 kWm22K21. The
advantage of the current srs-SDR (compared to passive heat-
transfer enhancement) is that the turbulence intensity can be
easily increased by increasing the angular velocity of the
rotor, whereas passive enhancement depends on pump
capacity to increase DP. Moreover, the turbulence intensity in
the current setup is increased independently of volumetric

throughflow rate, and thus independently of residence time.
As for passive heat-transfer enhancement27

�5DP/vV21
L 5DPs21

m , achieving � > 106 for any sm > 1 s
yields prohibitively high pressure drops, for example, 100
�105 Pa for sm510 s. As in the srs-SDR the turbulence inten-
sity is independent of sm, intensification of the convective
heat-transfer at high � is possible for chemical reactions
requiring sm > 1 s.

At low � (the main range of interest for passive heat-transfer
enhancement), application of the srs-SDR is not justified how-
ever (see Figure 9). This is due to the relatively high values of
Edr for Rex < 1:5 � 105 and low laminar values of hr.

It should be noted that although in the current range of
operating conditions (/v515220 � 1026 m3s21, sm57210 s)
the pressure drop over the total reactor is low (see Figure 7),
DP increases linearly with increasing /v and increasing sm

(i.e., number of stages). For scale-up of production capacity
of the srs-SDR and/or long residence times, the pressure
drop can get prohibitively high (similar to the limitations of
the passive enhancement techniques). A possible solution is
increasing the reactor dimensions r and s 5 rG, which
increases /v at constant Cw or increases sm at constant /v.
As � / r23 (VL / r3G) and � / Re2:12

x , x has to increase
with r2:12=3 (and thus with /2:12=3

v ) to maintain �. Therefore,
at constant Cw and G, DP / /2:12=3

v for a constant �. This
indicates that scale-up of production capacity is feasible by
increasing reactor dimensions. However, as DP increases

Figure 8. Effectiveness of heat exchange g as function
of x, for /v515 � 1026 (�) and /v520 � 1026

m3s21 (�).

The values of g increase with increasing x, indicating

that (without application of any model) Ur increases

with increasing x. For x>83 rad s21, g decreases with

increasing x due to Edr being no longer negligible com-

pared to QT; Text
out increases, instead of approaching T int

in .

Figure 9. Experimentally obtained values of hr as func-
tion of � for /v515 � 1026 (�).

For the laminar regime hr / �
1
4, for the turbulent regime

hr / �0:29, which is in agreement with literature25,34).

Correlations for the heat-transfer coefficients in tubular

reactors (–-, for dh510 � 1023 m), plate heat exchangers

(- -, PHE, for dh51:5 � 1023 m) and plate fin heat

exchangers (solid line with circular marker, PFH, dh52

�1023 m) are shown. Practical operation limitsA for the

considered reactor-heat exchangers are indicated as

shaded boxes. The values of hr obtained in the srs-SDR

are a factor 2–3 higher than film coefficients practically

achievable in established reactor-heat exchangers, due to

the higher values of � than can be realised in the spin-

ning disc reactor.
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with increasing /v, a combination of dimensional scale-up
and parallelization will be required for high values of /v.

Overall heat-transfer performance

The degree of heat-transfer intensification achievable in a

chemical reactor is determined by UAV21
R rather than by the

value of h alone. Due to the high values of hr, the values of
Ur obtained in the srs-SDR are relatively high as well (up to
Ur58:3 kWm22K21), compared to U5327 kWm22K21 for
plate heat exchangers and tubular reactors.10,11,26,52 For plate
reactors U5222:5 kWm22K21 is typically obtained.7 In the
current setup it is observed that at high angular velocities
(x > 80 rad s21), Ur is mainly determined by conduction
through the rotor. Therefore, increasing Ur further can rather
be achieved by decreasing the thickness of the rotor dr and/
or working with a higher thermal conductivity material (e.g.,
tantalum26 k 5 57 W m21K21, aluminium26 k 5 237 W
m21K21, sintered silicon carbide53 k 5 120 W m21K21),
than by increasing the angular velocity further. For example,

using a rotor of 1 � 1023 m tantalum will yield Ur513:1
kWm22K21 at x 5 157 rad s21. It is clear that with further
(mechanical) optimization, the thermal performance of the
srs-SDR can be greatly enhanced.

The specific heat-transfer area of the srs-SDR is, with

AV21
R 5375 m2m23, rather low. For tubular reactors52,54

AV21
R 5802400, while for plate heat exchangers10,11 AV21

R

51202660 m2m23. Partially this is due to constructional
constraints of the prototype; only 58% of the total rotor area
is used as effective heat-transfer area. Without this limitation

AV21
R 5647 m2m23, making it comparable to values

obtained in plate heat exchangers. The ratio of AV21
R can be

further increased by either reducing the rotor–stator distance
(which will lead to a higher DP), or by increasing the effec-
tive heat-transfer area using nonflat discs.

In the srs-SDR a maximum value of UAV21
R 53:1

MWm23
L K21 (or 5.4 MWm23

L K21 for AV21
R 5647 m2m23) is

obtained at �53:9 MWm23
L . This is a factor 2–5 larger than

what is achieved in tubular reactors and a factor 1.2–10

times higher than the UAV21
R of plate heat exchangers. How-

ever, � is 1–2 orders of magnitude larger in the srs-SDR
compared to the tubular and plate reactors-heat exchangers.
It can therefore be concluded that although the current srs-
SDR allows intensification of the convective heat-transfer, it
comes at a relatively high energetic expense. It should be
noted that as the values of hr practically achievable in the
srs-SDR are high compared to the alternatives (see the Reac-
tor Evaluation and Comparison), it appears that with further

mechanical optimization much higher values of UAV21
R can

be obtained at equal �.

Conclusion

Single-phase fluid–rotor heat-transfer coefficients in a
three-stage stator–rotor–stator spinning disc reactor are
presented as a function of rotor angular velocities
(x502157 rad s21) and volumetric throughflow rates

(/v515220 � 1026 m3s21). Experimentally obtained steady-
state outlet temperatures are fitted to a heat-transfer model
(based on the heat-transfer model presented by De Beer
et al. 17) to yield values of the heat-transfer coefficient. The
values of hr are independent of /v and increase from hr5

0:95 to 34 kWm22K21 by increasing x from 0 to 157 rad

s21. The overall heat-transfer coefficient increases with
increasing x as well, up to 8.3 kWm22K21 at x 5 157 rad
s21 (where Ur is mainly limited by conduction through the
rotor). The specific energy input rate (i.e., the energetic costs

of increasing hr) increases from �50:02 to 3.9 MWm23
L by

increasing x from 0 to 157 rad s21. This is mainly caused
by the dissipation of energy from the rotor. The energetic
contribution of the pressure drop is negligible for the current
operating conditions.

The fluid–rotor Nusselt number is used to compare the
currently obtained values of hr to literature data. For Rex

� 1:1 � 105 a laminar regime is observed (described by Eq.
17), for Rex � 2:3 � 105 the values of Nur reach turbulent
levels and are described by Eq. 19. This transition from lam-
inar to turbulent for Nur is observed to occur at higher values
of Rex than for Nus. In literature turbulence is indeed
observed at lower values of Rex at the stator than at the
rotor.30,31 It is concluded that, for engineering purposes, the
single-phase heat-transfer in spinning disc reactors are
described by Eqs. 17 and 19. Equations 17 and 19 are in rel-
atively good agreement (35% and 15% lower, respectively)
with correlations presented for heat-transfer in an enclosed
rotating disc,24 given the uncertainty associated with compar-
ing air and water as heat-transfer fluids.

The convective heat-transfer coefficients obtained in the
srs-SDR are a factor 2–3 higher than values achievable in
passively enhanced reactor-heat exchangers (e.g., plate and
plate fin heat exchangers). This is due to 1–2 orders of mag-
nitude larger specific energy input achievable in the srs-
SDR, without requiring a prohibitively high pressure drop.
Moreover, as hr is independent of /v, the heat-transfer rates
in the srs-SDR are independent of residence time. Although
the values of UAV21

R obtained in the current setup are com-
parable to what is achievable in compact heat exchangers at
lower �, it is expected that with further mechanical optimiza-
tion this value can be increased at least a factor 3. Together
with the high mass-transfer rates reported for spinning disc
reactors[18–20] this makes it a promising tool to intensify
heat-transfer rates for fast, highly exothermal chemical
reactions.

Notation

Latin symbols

A = heat-transfer area, m2

ai = coefficients for PHE, Eqs. A8 and A10, i5126
bi = geometry coefficients for PFH, Eqs. A11 and A12, i5123
c = proportionality constant, Eqs. 1 and 2

cp = heat capacity at constant pressure, Jkg21K21

d = width, m
dh = hydraulic diameter, m

Edp = energy dissipation rate due to pressure drop, W
Edr = energy dissipation rate per stage due to rotation, W

Eloss = rate of energy loss to the environment, W
g = standard gravitational acceleration, ms22

H = enthalpy, Jkg21

h = convective heat-transfer coefficient, Wm22K21

I = current, A
I0 = internal current losses, A
Ic = nominal current motor, A
k = thermal conductivity, Wm21K21

L = reactor length, m
P = pressure, Pa
Q = heat-transfer rate, W
r = radius, m
s = axial rotor–stator gap, m
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t = time, s
T = temperature, K
U = overall heat-transfer coefficient, Wm22K21

V = volume, m3

v = velocity, ms21

x = height, m

Greek symbols

b = corrugation angle in PHE, degrees
D = finite difference

Drs = radial rotor–stator gap, m
� = specific energy input rate, Wm23

L

g = heat exchange effectiveness
m = kinematic viscosity, m2s21

q = density, kg m23

s = torque, Nm
sc = torque constant motor, NmA21

sm = mean residence time, VR/21
v , s

/v = volumetric throughflow, m3s21

w = effective to projected surface ratio in PHE, -
x = angular velocity, rad s21

Dimensionless numbers

Cw = superposed dimensionless throughflow rate, /vr21m21

fF = Fanning friction factor
G = gap ratio, sr21

j = Colburn j-factor
Nu = Nusselt number, hrr;2k21

f

Nud = Nusselt number, hdhk21
f

Pr = Prandtl number, mqcpk21
f

Red = Reynolds number, vdhm21

Rex = rotational Reynolds number, xr2m21

Subscripts

1 = lower boundary of heat-transfer area
2 = upper boundary of heat-transfer area

air = air
f = fluid
i = inner side (at the shaft)

in = inlet
k = index (stirred tank of exterior cavity)
L = liquid
m = index (stirred tank of interior cavity)

max = maximum
n = index (stirred tank, opposite m or k on other side of stator)
o = outer side (at the rim)

out = outlet
r = rotor
R = reactor
s = stator
T = total

trans = transition
w = wall

water = water

Superscripts

ext = exterior cavity
int = interior cavity

lam = laminar regime
trans = laminar-turbulent transition regime
turb = turbulent regime

Abbreviations

PFH = plate fin heat exchangers
PHE = plate heat exchangers
SDR = spinning disc reactor

srs-SDR = stator-rotor-stator spinning disc reactor
rs-SDR = rotor-stator spinning disc reactor
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Appendix : A Thermo-Hydraulic Correlations

Figure 9 displays the convective heat-transfer coefficient in

tubular, plate and plate fin reactor-heat exchangers as function

of their specific energy dissipation. This appendix presents the

used correlations for these reactors. The correction for viscosity

was equal for all used correlations for Nud and therefore not

taken into account. The value of h is determined by:

h5
Nudkf

dh
(A1)

while the specific energy dissipation is calculated according

to27:

�5
DP/v

VL
52qv3fFd21

h (A2)

The Fanning friction factor for tubular flow (with dh5d510

�1023 m 52,54) is obtained by48,27:

fF5
16

Red
; Red < 2:1 � 103 (A3)

fF5
0:079

Re
1=4
d

; 2:1 � 103 < Red < 105 (A4)

The Nusselt number for flow in tubes55–57:

Nud53:66; Red < 2:1 � 103 (A5)

Nud50:023Re
4
5

dPr
1
3; Red > 104 (A6)

The value of fF for plate heat exchangers (with dh52 � 1:50

�1023 m, b545
�
; w51:2911) is obtained by58,59:

fF5
30:20

Red

� �5

1
6:28

Re0:5
d

� �5
" #0:2

b
30

� �0:83

2 < Red < 300

(A7)

fF5a1a2Re2a3

d Red > 103 (A8)

The Nusselt number for plate heat exchangers58,59:

Nud51:6774
dh

L

� �0:13 b
30

� �0:38

Re0:5
d Pr

1
3 30 < Red < 400

(A9)
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Nud5a4a5Rea6

d Pr
1
3 Red > 103 (A10)

with:

a152:91720:1277b12:016 � 1023b2

a255:474219:02w118:93w225:341w3

a350:210:0577sin
pb
45

� �
12:1

� 	

a450:266820:006967b17:244 � 1025b2

a5520:78250:94w141:16w2210:51w3

a650:72810:0543sin
pb
45

� �
13:7

� 	

The value of fF and j for plate fin heat exchangers (with dh5

2 � 1023 m, b150:6; b250:19; b350:18) is obtained by12:

fF59:6243Re20:7422
d b20:1856

1 b0:3053
2 b20:2659

3 � :::

::: � 117:669 � 1028Re4:429
d b0:920

1 b3:767
2 b0:236

3


 �0:1
;

300 < Red < 104

(A11)

j50:6522Re20:5403
d b20:1541

1 b0:1499
2 b20:0678

3 � :::

::: � 115:269 � 1025Re1:340
d b0:504

1 b0:456
2 b21:055

3


 �0:1
;

300 < Red < 104

(A12)

with:Nud5jRedPr1=3

Manuscript received Dec. 2, 2014, and revision received Feb. 10, 2015.

2318 DOI 10.1002/aic Published on behalf of the AIChE July 2015 Vol. 61, No. 7 AIChE Journal


	l
	l
	l
	l
	l
	l
	l

