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Temperature profiles have been measured inside a counter-current mixer for the continuous hydrother-
mal synthesis of inorganic nanoparticles, at conditions (10-25 ml min~! superheated water, referred to a
density of 1gml~', at 350-450 °C and 24.1 MPa, mixed with precursors at 10-20 ml min~') used in work
published by some of the authors and others. The superheated water cooled significantly before meet-
ing the precursors, owing to internal transfer of heat through the wall of the inner tube to the products
flowing around it. Consequently, the region immediately after the fluids had fully mixed was at a lower
temperature than that determined from an overall heat balance. The flow of superheated water emerging
from the inner pipe was characterised using the relevant dimensionless groups (Reynolds, Froude).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Continuous hydrothermal synthesis of nanoparticles

The production of inorganic nanoparticles (particles with a
length scale typically between 1 and 100nm) by continuous
hydrothermal processes [1-3] is attracting widespread interest.
The nanoparticles, which are typically oxides of metals, have many
potential applications, e.g. as catalysts [4], photocatalysts [5], bio-
ceramics [6] and in components of solid oxide fuel cells [7]. In
our process, here termed continuous hydrothermal flow synthe-
sis (CHFS), superheated water (typically above the critical point
of water, T, =374°C and P.=22.1 MPa) is mixed with water solu-
ble precursors, such as the nitrate of a metal, in aqueous solution
at ambient temperature; upon mixing, the precursors are heated
rapidly so that the metal salt undergoes a fast reaction to form a
slurry containing metal oxide nanoparticles.

1.2. Mixers for CHFS

The method by which the superheated water is contacted
with the solution of metal salt can influence properties of the
nanoparticles (e.g. size distribution) and the reproducibility of their
synthesis [8]. Consequently, this field of literature is peppered with
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descriptions of many types of mixers, including tee-pieces [1],
cross-pieces [9], and vortex-inducing devices [10]. One form [8]
of counter-current mixer consisted of an inner pipe from which
the superheated water emerged downwards, into an outer pipe
through which the precursors flowed upwards; the reacting mix-
ture subsequently travelled upwards through the annulus between
the two pipes, towards the outlet. A similar counter-current device
has been employed successfully for several years in research con-
ducted by some of the authors, e.g. [4-7,11]; however, there is
uncertainty in defining the ‘true’ reaction conditions in the mixer
due to the arrangement of flows within this device.

The study of forced plumes is of particular relevance to this prob-
lem; however, the large body of academic literature in this field is
mainly concerned with the release of a flow of a warm fluid into a
slightly cooler, unconfined and stagnant environment [12]. Usually,
the purpose is to predict the behaviour of discharges of flue gases
from chimney stacks or warm aqueous waste outflows from facto-
ries into large bodies of water. Studies (e.g. [13]) of hydrothermal
vents on the ocean flow are probably the closest analogue to mix-
ing in the CHFS process. However, the counter-current mixer defies
direct comparison to even this because: (i) the flow of superheated
water is inverted, (ii) it issues into a counter-flowing environment
confined by the outer tube, (iii) it is non-Boussinesq, i.e. there is
significant difference in density between the superheated water
and the cooler mixture flowing around it (a Boussinesq flow would
be identical to that of a jet flowing vertically upwards with the
identities of the fluids reversed), (iv) changes in transport and ther-
mochemical properties of water with temperature are significant
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Nomenclature

Ao outside surface area of inner pipe (m?2)

Fr Froude number, given by Eq. (7)

G mass flowrate (kgs—1)

h specific enthalpy (kJ kg1)

Q volumetric flowrate (mlmin—1)

AQ rate of heat transfer (W)

Re Reynolds number, given by Eq. (6)

T measured temperature (°C)

T temperature calculated by heat balance (°C)

ATy log-mean temperature difference (K)

U, overall heat transfer coefficient based on A,
(Wm—2K-1)

z distance from outlet of superheated water (mm)

Greek symbols

w viscosity (Pas)

0 temperature difference (K)

0 density (kgm~3)

Subscripts

hw superheated water

in inlet to mixer

m mixture of superheated water and ‘precursors’

out outlet of mixer

p ‘precursors’ (de-ionised water)

near the critical point [14], e.g. resulting in rapid thermal dilation
of the jet as it cools and (v) the temperature gradient is very large
in the region around the exit of the inner tube, so the conduction of
heat is probably important and temperature may not be a passive
scalar. Attempts have been made [8] to visualise the behaviour of a
tracer in such systems, using transparent plastic mock-ups at ambi-
ent temperature and pressure; however, application of the results
of such models to a CHFS process at a working temperature and
pressure must be approached with caution, because the effects of
(iv) and (v) above in particular are neglected.

Novel experimental methods have been used to visualise cer-
tain properties of a hydrothermal system at working temperatures
and pressures. The distribution of nanoparticles of ceria within
a counter-current mixer operating at 450°C and 24.1 MPa was
mapped in situ using X-rays from a synchrotron [15]. This showed a
plume issuing from the inner pipe and rising upwards, in or around
which the ceria formed; analysis of the Bragg peaks using the
Scherrer equation provided evidence of the initial nucleation and
subsequent growth of the nanoparticles as they travelled towards
the outlet. Schlieren photography through a sapphire window has
recently been used [16] to visualise a jet of supercritical water
(22.3 MPa, up to 500°C and a flowrate of 4gs~!) emerging from
a nozzle (diameter 1-4 mm) into a body of water at ambient tem-
perature. In most of the experiments, it was found that the flow did
not remain supercritical beyond a length equivalent to one nozzle
diameter, due to entrainment of the surrounding ambient water.

Computational fluid dynamic (CFD) simulations may be used
[17,18] to visualise the processes of momentum, heat and mass
transfer occurring inside a counter-current mixer. Such simulations
are not trivial, because the transport properties of water change
markedly around the critical point [ 14]. Mixing has been simulated
[18] in a counter-current reactor, under three conditions: natu-
ral and forced convection of the superheated water, and a balance
between the two. For natural convection, the mixing of the super-
heated water and precursors occurred in the immediate vicinity
of the outlet (well within a length equivalent to one diameter of

the inner pipe). In the case of forced convection of the superheated
water, the mixing zone extended much further (~4 diameters) into
the precursors; however, the associated temperature and velocity
fields were not reported with these results. Despite this prior work,
the environment within a counter-current mixer remains poorly
defined.

The objective of this study was to gain a deeper understand-
ing of the transport processes occurring inside the counter-current
mixer. To achieve this, detailed measurements of temperature pro-
files were made, using fine thermocouples inserted into the flow
under conditions (10-25 ml min—! superheated water, referred to a
density of 1 gml~1,at 350-450 °C and 24.1 MPa, mixed with precur-
sors at 10-20 ml min~1) relevant to the continuous hydrothermal
synthesis of nanoparticles. This work builds in particular on a mea-
surement of the temperature profile in a counter-current mixer [19]
at a much lower temperature.

2. Materials and methods
2.1. Apparatus for continuous hydrothermal flow synthesis

Fig. 1 shows a flow diagram of the CHFS apparatus. Pump P1
(Gilson HPLC) was used to pump deionised (DI) water at 24.1 MPa
and a flowrate of between 10 and 25 ml min~—! (referred to a density
of 1gml~1). The time taken for this positive displacement pump to
complete one stroke (discharge and refill) was 125 ms. The water
flowed upwards through a 6 m length of tubing (316 stainless steel,
6.35 mm outside diameter) coiled around an aluminium rod. The
rod was electrically heated (up to 2.5 kW) and the heater assembly
was insulated (Thermal Ceramics Superwool 607 blanket, thick-
ness 5 mm). The temperature of the aluminium rod, measured by
a thermocouple (type ], 316 stainless steel sheath, 3 mm) embed-
ded in the top, was held constant between 350 and 450°C. The
superheated water exiting the coil was assumed to be in thermal
equilibrium with the aluminium rod.

De-ionised water

_Q
£

Adgueous precursor

_©
<)

Aqueous base

External
thermocouple

>

Cooler

Insertion point
for thermocouples

A 4

Backpressure regulator

Products

Fig. 1. Flow diagram showing the continuous hydrothermal flow synthesis appa-
ratus used in this study (P1-P3: HPLC pumps, PG: pressure gauge). For the in situ
temperature measurements all the flows were DI water.
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In the production of nanoparticles, P2 and P3 (identical to P1)
pump precursors at room temperature and a flowrate of between
5 and 10mlmin~! from each pump. However, for this study, P2
and P3 pumped only DI water as it was found that synthesising
nanoparticles with the thermocouples in place caused a blockage
to form after only a few minutes. In order to aid its distinction
from the superheated water, the combined flow from P2 and P3
will henceforth be referred to as ‘precursors’.

The ‘precursors’ were mixed with the superheated water using
the counter-current arrangement shown in Fig. 2. The mixer was
constructed from compression fittings (316 stainless steel, frac-
tional sizes, Swagelok) and the corresponding instrument tubing
(316 stainless steel). The inner tube (3.18 mm OD tube, 0.71 mm
wall thickness), through which the superheated water flowed
downwards, entered the topmost port of a 3/8” cross-piece via an
adaptor; this was modified to allow the tubing to be inserted com-
pletely through it, such that the end of the inner tube terminated
72 mm below a horizontal line drawn through the centre of the
cross-piece. A larger section of tube (9.53 mm OD, wall thickness
1.24 mm, length 100 mm) was inserted over the inner tube and into
the lower port of the cross piece; the ‘precursors’ flowed upwards
through this tube where it met with the superheated water. A metal
block (316 stainless steel, 9.53 mm OD) drilled out to allow the
insertion of a thermocouple (type ], 316 stainless steel sheath, 3 mm
OD) was inserted into one of the side ports of the cross-piece. The
tip of the thermocouple lay ~ 2 mm short of the pressurised cham-
ber within the cross-piece. This measurement has been reported
in previous work as the reaction temperature when producing
nanoparticles [20-23]. The entire assembly was insulated from the
outlet from the heater to the inlet to the cooler.

The products exited the mixer through a tube (9.53 mm OD,
wall thickness 1.24 mm) inserted into the remaining side port and
were cooled using a heat exchanger, the design of which has been

Hot water
at 24.1 MPa
. and Ty, .,
B 4%x05mmOD
1 thermocouples
from cooler
External (outlet)
thermocouple 7 (+72 mm)
m,6 (+60 mm)
(+58 mm)
953 mmOD/
1.24 mm wall thk.
3.18 mm OD/
0.71 mm wall thk. |
Tm’ 4(Z=0)
< m 3 (-10 mm)
Precursor at m 2 (-20 mm)
24.1 MPa (22 mm)
and Tp,m

Fig. 2. Details of the counter-current reactor showing the locations of the thermo-
couples during the in situ measurements of temperature.

described in detail elsewhere [14]. The pressure in the system was
maintained constant at 24.1 MPa using a back-pressure regulator
(BPR) positioned at the outlet of the cooler.

2.2. In situ measurements of temperature

Temperature profiles were measured inside the counter-current
mixer by inserting four fine thermocouples (type ], stainless steel
sheath, 0.5 mm OD, 1.0 m length) into the apparatus, between the
cooler and the BPR as indicated in Fig. 1, each of which terminated
at a different position (shown in Fig. 2). The temperature at eight
different locations in the mixer was measured in two separate runs.
The cross-sectional area of the four thermocouples combined was
0.8 mm?, compared the cross-sectional area of 36.6 mm? of the
annulus formed between the inner and outer pipe of the mixer.
Thus, the thermocouples occupied only ~2% of the cross-sectional
area of the annulus. The tips of the thermocouples were not fixed
to a surface and were angled such that they would protrude into
the flow during an experiment. This permitted the temperature to
be measured in the bulk flow; however, this also meant that slight
radial movement of the tip may occur in the flow, thus, the positions
of the thermocouples are quoted to ca. +£2 mm since the stiffness
in the thermocouples inhibited their movement to some degree.
The response time of the thermocouples (the time taken to reach
63.2% of the temperature steady-state when plunged into a batch
of boiling water) was quoted by the manufacturers as ~25 ms. The
temperature at each location was recorded every 500 ms.

3. Results and discussion
3.1. Measurements of temperature with time

Fig. 3 shows a typical sample of the four simultaneous measure-
ments of temperature at the locations in the counter-current mixer
corresponding to z=0, —10, —20 and —22 mm in Fig. 2. At a time,
t=0 in Fig. 3, the flowrates of superheated water, Qp,,, and ‘pre-
cursors’, Qp, were each 20 ml min~!. Henceforth, this is referred to
as ‘balanced flows’, i.e. the opposing flows of superheated water
and precursors are equal on a mass basis (in reality, the volumet-
ric flowrate of the superheated water greatly exceeded that of the
‘precursors’ owing to the difference in densities). At t=150s, the
flowrate of superheated water was increased to 25 mlmin~! and
the flowrate of ‘precursors’ was reduced to 10 ml min~!; this con-
dition is referred to hereafter as ‘unbalanced’.

Unbalanced Flows

400 4 Balanced Flows

~ 200+

M ’|:"r|*

50 _ z=-20 mm
0 z= -22. mm ‘ . : . : ‘ |
0 100 200 300 400

t/s

Fig. 3. Measurements of temperature against time during a transition
between balanced flowrates (Quw=Q,=20mlmin~') and unbalanced flowrates
(Quw=25mlmin~!, Qy=10mlmin~"). Here, T,j,=20°C, Tyw,in=450°C and the
dashed line, labeled T’ oy, is the maximum theoretical temperature at the outlet
of the mixer determined from Eq. (1).
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The noisy measurements seen in the right hand side of Fig. 3
are not the result of electrical or other interference in the measure-
ment system. However, the response time of the thermocouples
(~25ms) and the sampling rate (500 ms) were most likely too slow
to capture temperature fluctuations arising from turbulence, which
are typically on a time scale of a only a few milliseconds. The fluctu-
ations may have resulted from inhomogeneities in the fluids due to
the time taken for the positive displacement HPLC pumps to refill
(125 ms). Alternatively, small movements in the tips of the ther-
mocouples, exacerbated by large temperature gradients around
the mixing point, may have been responsible for the fluctuations.
This also made it difficult to assess the extent to which the pres-
ence of the thermocouples disturbed the flow in the mixing zone
below the outlet of the inner tube (i.e. by removing all but one of
the thermocouples) because it was impossible to ensure the tip of
a thermocouple was in the same place as a previous experiment
(e.g. at z=0 with the three thermocouples at negative z removed)
resulting in a significant change from the previously measured tem-
perature.

When the flows were balanced, at a distance of >20 mm below
the inlet of the superheated water, the measured temperature was
approximately equal to the inlet temperature of the ‘precursors’,
Tpin =20°C. This proves that, at these balanced flowrates, the super-
heated water issuing from the inner tube does not penetrate this
far into the ‘precursors’. Interestingly, Fig. 3 also shows that the
temperature measured at z=0 mm was significantly cooler than at
z=-10mm, whereas it would be expected to be hotter. The thermo-
couple at z=0 was located to one side of the mouth of the inner tube
(as shown in Fig. 2) not directly below it, so the fluid flowing past
the tip of the thermocouple should be a mixture of superheated
water and ‘precursors’. Assuming the downward flow of super-
heated water turned upwards immediately after emerging from
the inner pipe, the thermocouple located at z=—-10 mm would be
in a flow of ‘precursors’. Thus, this observation suggests that either
there was significant conduction of heat against the flow of ‘precur-
sors’, or that the thermocouple located at z=—10mm was in fact
protruding into the boundary between the ‘precursors’ and a jet
or plume of superheated water issuing from the inner pipe, which
had not fully mixed with the ‘precursors’. When the flows were
unbalanced (after t=150s, in Fig. 3) temperature measurements
at or below z=-20mm indicate penetration of the superheated
water deep into the flow of ‘precursors’ and a very high degree of
instability (i.e. noise) in the temperature measurements at all the
thermocouple locations.

The dashed line in Fig. 3 shows the maximum theoretical tem-
perature calculated for the outlet of the mixer (i.e. the inlet to the
cooler) assuming mixing is complete and any heat losses from the
outer pipe to the surroundings are negligible. This was determined
from the overall enthalpy balance:

him,out (T, oues 24.1MPa)

_ thhhw,in(Thw,inv 24.1 MP&) + Gphp,in(Tp,im 24.1 MP&)
- th + Gp

» (1)

where Gy, and G are the mass flow rates of the superheated water
and ‘precursors’, respectively. The specific enthalpies hp, i and hy, i
and the temperature, T}, » at which the specific enthalpy is hm,out
at 24.1 MPa were determined from the IAPWS Formulation 1995
for the Thermodynamic Properties of Ordinary Water Substance
for General and Scientific Use [24] using the associated FLUIDCAL
software. This software was also used to calculate the density and
viscosity of water for any given temperature at 24.1 MPa.

It can be seen in Fig. 3 that when the flow rates of the
precursor and superheated water were balanced, the 30 second
time-averaged temperature at z=0 was ~100°C lower than the
expected theoretical outlet temperature for this location. In fact,

400

= Level with superheated water inlet

350
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200 |

T/°C

150

100
50

0

= e

T T T T T T T 1
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z/mm

T T
-30 -20 -10

Fig. 4. Temperature profiles in the balanced flow regime (T}, =20°C for all exper-
iments; O Thy,in =350°C, Qpw =Qp=10mlmin-!; O 350°C, 20mlmin~'; A 400°C,
10mlmin~'; ¢ 400°C, 20mlmin~'; v 450°C, 10 mlmin~"'; <450°C, 20 mImin~1).

it shall be shown later that, assuming the ‘precursors’ and super-
heated water are fully mixed at z=0, this apparent discrepancy
was due in part to the conduction of heat from the superheated
water flowing downwards through the inner tube to the cooler
products flowing upwards through the annulus between the inner
and outer tubes. Thus, the temperature of the superheated water
exiting the inner tube was considerably lower than Ty, ;;. When
the flowrates were unbalanced, the maximum temperature at both
z=0and —10 mm was equal to Ty, ., ;» suggesting violent mixing in
the region around the exit of the inner tube; however, the tempera-
tures measured inside the mixer were highly unstable under these
conditions, which may be considered undesirable for the controlled
synthesis of nanoparticles.

3.2. Time-averaged temperature profiles at z<0

Figs. 4 and 5 are plots of the mean temperatures (averaged over
30s) measured inside the counter-current mixer for balanced and
unbalanced flowrates, respectively. In all except one of the experi-
ments, the temperature at z= —10 mm was higher than thatatz=0.
Thus, as before, it appears the thermocouple at z=—10mm was
protruding into a jet or plume of superheated water issuing from
the inner tube. The exception was the plot at Tj,, ;, =400°C and
Qnw=Qp=20mlmin~! in Fig. 4. Here, the temperature increased

400 ;= Level with superheated water inlet

350
300 -
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200 |

T/°C

150

504 &
o]

0

100 4 1
0 i
0

T T T T T T T 1
10 20 30 40 50 60 70 80
z/mm

T T
-30 -20 -10

Fig. 5. Temperature profiles in the unbalanced flow regime (T,;;=20°C,
Quw=25mlmin~' and Q,=10mlmin~"' for all experiments; O Tpw,n=350°C; ¢
400°C; <450°C).
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monotonically with z. This effect was probably due to a small, tem-
porary deviation in the tip of the thermocouple at z=-10mm,
away from the jet of superheated water. The temperature pro-
files in Fig. 4 show that, at a distance of 20 mm below the inlet of
the superheated water, the temperature in the flowing precursor
feed was approximately equal to Ty ;,, irrespective of Ty, ;. Thus,
when the flowrates of the ‘precursors’ and superheated water feeds
were balanced, the superheated water issuing from the inner tube
never penetrated far into the oncoming ‘precursors’. Conversely,
when the flowrates were unbalanced, it is evident from Fig. 5 that
very high temperatures (which were also highly unstable as in
Fig. 3) were measured at a distance of 20 mm below the inlet of
the superheated water. Interestingly, for the unbalanced flows, the
temperature measured at z=—20 mm increased significantly with
increasing Ty, in, Suggesting that the depth of penetration of the jet
or plume of supercritical water increased with Ty .

3.3. Time-averaged temperature profiles at z> 0

Attention is turned next to the temperatures profiles measured
at z>0, in the annulus between the inner and outer tubes. For
balanced flowrates (Fig. 4), the temperature of the fluid mov-
ing up through the annulus increased; this was the result of the
conduction of heat from the hotter superheated water, flowing
downwards through the inner tube. Consequently, the tempera-
ture of the superheated water issuing from the inner pipe was in
fact less than Ty, ;5. This internal transfer of heat was also evident
to a lesser extent in Fig. 5 and will be addressed next; however, it
can be disregarded for the purpose of comparing the temperature
measured at the outlet of the mixer to T}, ,,,» determined from Eq.
(1) assuming mixing was complete and heat losses were negligi-
ble. Values of T}, ,,, determined for each experiment are given in
Table 1,along with the temperature measured at z="72 mm for com-
parison (the reading on this thermocouple was always the same as
the one positioned in the outlet from the mixer in Fig. 2). The exter-
nal thermocouple (also shown in Fig. 2) typically read ~20 °C lower
than the thermocouple at z=72 mm at steady-state. For balanced
flowrates with Qp,, =Qp =10 mlmin—', the difference between the
temperature measured at the outlet and T, . was between 27 °C
(run 1 in Table 1) and 43°C (run 7). When both flowrates were
increased to 20 ml min~—1, the discrepancy was found to be between
1°C (run 2) and 14°C (run 8). For the experiments using unbal-
anced flows (shown in Fig. 5), the temperature measured at the
outlet of the mixer was the same as T}, .., Which suggests that the
assumptions of Eq. (1) hold at these conditions.

3.4. Internal heat transfer

It is apparent from the temperature profiles in Figs. 4 and 5
that the mixture flowing through the annulus (z>0), assumed to

Table 1

Temperature profiles (30-s time averaged) in countercurrent mixer at various precursor and superheated water flowrates (T}, i, = 20 °C for all experiments). T,

be completely mixed, was not isothermal. This would be of con-
cern to the experimentalist, because the reaction conditions vary
considerably over the region where nanoparticles nucleate and
grow. Furthermore, the temperature of the superheated water in
the region where it met with the ‘precursors’ (in the region of z=0)
was in fact lower than the temperature at which it entered the
mixer, Thy,in- This drop in temperature will now be quantified.
The transfer of heat between the superheated water inside
the inner tube to the cooler mixer flowing through the annulus
between the inner and outer tubes is akin to a simple counter-
current, pipe-in-pipe heat exchanger. The heat lost from the
superheated water, —AQy,,, must be equal to the heat gained by
the cooler mixture, AQnm, determined by the enthalpy balance:

AQm = —AQpw
(Gpw + Gp)[hm,z:72(Tm,z:72a 24.1 MPa)

*hm,z=O(Tm,z=07 241 MPa)], (2)

The specific enthalpy and thus the temperature of the super-
heated water exiting the inner tube at z=0 may subsequently be
determined from:

hhw,z:O(T/hW,z=0, 24.1 MPa)

= hhw,in(Thw.inv 24.1 MPa) + AQpy/Gpy- (3)
Values of T; determined from Egs. (2) and (3) are given

hw,z=0
in Table 1. This was not calculated for the unbalanced flows at

Th,in =400 and 450 °C because, although the temperature rise from
z=0 to 72mm was only a few Kelvin, the magnitude of AQn
from Eq. (2) was very large owing to the dramatic increase in
the specific heat capacity of water near to its critical temperature.
Consequently, the magnitude of AQp,, and thus Ty, ,-o were very
sensitive to any errors in the temperature measurements for these
two experiments. The large quantity of heat, calculated to be lost
from the superheated water flowing down through the inner pipe,
was striking: up to 0.3 kW at the highest flowrates (runs 5 and 8
in Table 1), equivalent to a heat flux of 417 kW m~2 averaged over
the outer surface area of the inner tube, A, (=7.2 x 104 m?2). This is
approximately one third of the power used to heat the water from
20 to 450°C. Thus, the temperature of the superheated water exit-
ing the inner pipe could be significantly lower than that entering
the mixer from the heater, even after considering heat losses from
the pipes evident from the difference between T, =72 and T}, - in
Table 1.

The magnitude of AQ; depends on the overall heat transfer
coefficient, U,, of the ‘heat exchanger’. Without the temperature
measurements from this work, U, cannot be reliably estimated
in the usual manner (from Nusselt number correlations involving

sout

m.our 1S the outlet

temperature calculated from Eq. (1). Ty.,—0 Was the temperature of the superheated water leaving the inner pipe calculated from Eq. (2). Repy -0 and (Frpyz-0)? are the

dimensionless Reynolds and Froude numbers for the jet of superheated water at z=0.

No. Thw,in ()C) Qhw (ml minil) Qp (C) Tm,z:() ((C) Tm‘z:72 (zc) Tr’n,out (zc) Tl;w.z: (“C) Uo (Wm72 Kil) Rehw.z:O x 103 (Frhw.zzo)z
1 350 10 10 102 174 201 236 907 1.0 2.5
2 350 20 20 132 200 201 242 2059 2.1 115
3 350 25 10 224 266 272 305 1878 34 193
4 400 10 10 135 268 307 323 1703 1.5 1.6
5 400 20 20 200 297 307 362 3203 3.6 6.2
6 400 25 10 359 374 377 - - 9.8 218
7 450 10 10 170 294 337 373 1467 21 13
8 450 20 20 237 323 337 381 2907 59 6.5
9 450 25 10 380 383 382 - - 10.5 44.9
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Fig. 6. Simplified representation of the momentum and heat transfer processes and
the forces acting on the jet of superheated water at z=0.

the Reynolds and Prandtl numbers) owing to significant changes
in transport and thermodynamic properties of water (e.g. density,
viscosity, thermal conductivity and specific heat capacity) particu-
larly when close to the critical temperature. However, U, may be
determined empirically from these experiments using:

AQn

Uo = Ao ATy,

(4)
where A, (=7.2 x 10-4m?) is the outer surface area of the inner
tube and ATy, is the logarithmic mean temperature difference [25]
given by:

-6
Alim = 1@ 76"

where 0, = (Thy,in — Tin,z=72) and 6 = (TAW,2=0 —Tm,z—0)- (5)

Table 1 gives the values of U, determined from Eq. (4) for
each of the experiments (except the two experiments using unbal-
anced flows at Ty, ;, =400 and 450 °C for the reasons given earlier).
The magnitude of U, was calculated to be between 908 and
3208Wm2K-1, increasing as would be expected, with both
increasing flowrate of superheated water downwards through the
inner tube and flowrate of the mixture upwards through the annu-
lus. The values of U, in Table 1 are typical [25] for water-to-water
heater transfer (900-1700 Wm~2 K~1!) and heating of water using
steam (1500-4000W m~2K~-1) and are consistent with previous
measurements of U, derived from temperature measurements
within the cooler [14]. The higher values of U, may be the result
of enhanced heat transfer, which has been observed close to the
critical point at low heat fluxes [26].

3.5. Forces acting on superheated water

Itisinteresting to consider the processes of momentum and heat
transfer underpinning the counter-current mixer, in light of the
temperature profiles measured in this work. As the superheated
water exits the inner tube, the momentum of the jet is largely
opposed by three forces: (i) drag due to the difference in veloc-
ity between the downward moving superheated water and the
upward moving mixture, (ii) buoyancy due to differences in den-
sity and (iii) the net pressure gradient —AP/dz (i.e. the net flow
must inevitably be upwards towards the outlet). Furthermore, it is
well known [12] that jets entrain fluid in their wake, suggesting
that in a counter-current geometry the mixture flowing upwards
past the jet (containing nanoparticles under reaction conditions)
may under some flow regimes be pulled back into the jet, resulting
in re-circulation and a broadening of the residence time distribu-
tion of the mixer. Fig. 6 shows one simplified representation of the
region immediately surrounding the exit of the inner tube.

The relative magnitude of the momentum of the jet of super-
heated water at z=0 compared to the viscous drag force can be
represented [27] by the Reynolds number, Rey,, ,-9, of the jet:

phwuhwdi _ 4th
Mhw dippw’

Rehw,z:O = (6)
where pp,, Uy and wp, are the density, velocity and dynamic vis-
cosity, respectively, of the superheated water exiting the inner tube
atz=0 and d; is the inside diameter of the inner tube. It is assumed
the viscous drag force does not change appreciably as the super-
heated water exits the inner tube into the opposing flow of the
combined mixture (however this may not be the case, particularly
if the combined mixture is near-critical with a correspondingly low
viscosity). The relative magnitude of the momentum of the jet act-
ing downwards compared to the buoyancy force acting upwards
(owing to the differences in density between the superheated water
and the cooler mixture around it) can be represented [27] by the
square of the Froude number (Frp,, ,-9)? (equal to the reciprocal of
the Richardson number, Ri):

pthhWZ _ l6GhW2
di(pm - phw)g deisphw(pm - phw)g 7

(Frhw,2—0)* =Ri™! = (7)

where pp, is the density of the mixture determined from the tem-
perature measured at z=0. When (Fryy, ,-0)? is greater than 1 the
momentum of the jet dominates, pushing the superheated water
further into the oncoming flow of ‘precursors’, whilst a magnitude
of (Frhw,z=0)2 much less than unity suggests buoyancy forces dom-
inate, causing a more rapid reversal in the direction of the jet of
superheated water towards the outlet of the mixer. Table 1 gives
the magnitudes of Repy, ;- and (Frp,, ,-0)? for all the experiments;
the transport properties for the mixtures were determined at the
measured 30-s average temperature of the mixture at z=0 and for
the superheated water at Ty, ,-o, determined from Eqgs. (2) and (3).
Attention is drawn to the wide variation in the density and dynamic
viscosity of the jet of superheated water exiting the inner pipe at
z=0, e.g. between experiment no. 2 in Table 1 (density of the super-
heated water py,, =732 kg m~=3 and viscosity, tp, =9.0 x 1073 Pas)
and experiment no. 9 (op, =161kgm~3 and pp,, =2.9 x 1072 Pas).
As a result, the velocity of the superheated water, uy,, at posi-
tion z=0 increased from 0.2 to 1.1 ms~1, due to thermal expansion
alone, since the mass flowrate of the superheated water was the
same in both experiments.

The magnitude of Repy,, .o in Table 1 indicate that the flow
of superheated water may be laminar (Rey,, <2300) or turbulent
depending on the flowrates and temperatures used. In particular,
the jet appears to be turbulent (Repy, ;-0 ~ 1 x 10%) in the exper-
iments using unbalanced flows and Ty, ;; > 400°C. Expressed in
terms of the mass flowrate of superheated water, Gp,,, it is clear
from Eq. (6) that Rey,, ;-9 depends only on dynamic viscosity, ipy,
for a given inside diameter of the inner tube, d;, and Gy, and thus,
this increase in Rep,,, ;- is due to the lower viscosity of the super-
heated water.

The magnitudes of (Frp,,-0)? given in Table 1 for the exper-
iments at the lowest, but balanced, flowrates, suggest that the
momentum of the jet and the buoyancy force opposing it are
of a similar magnitude, i.e. (Fryy, ,-0)? ~ 1. At the higher balanced
flowrates, momentum begins to dominate over the buoyancy force,
i.e. (Frpyz0)?>1. For the experiments in which the flowrates
were unbalanced, the magnitude of (Fryy,,-0)? increased from
11.5 at Ty, i, =350°C to 21.8 at 400°C and 44.9 at 450°C. Since
(FThwz=0)% > 1 (particularly when Ty, i, >400°C) the superheated
water exits the inner pipe as a ‘turbulent jet’. This has implica-
tions for scaling-up the counter-current mixer; for example, should
one wish to scale-up Gy, by a factor of 100, d; must be increased
by a factor of 6.3 to keep (Frp,,,-0)? constant between the scales,
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thus, ensuring the relative magnitude of the momentum and buoy-
ancy forces remain the same on the larger scale. However, in doing
so Rep, ;-0 will increase by a factor of ~16, which may result in a
transition from a laminar flow of superheated water to a turbulent
one.

The undesirable penetration of the jet of superheated water
deep into the precursor when the flowrates are unbalanced and at
Ty in =400 °C, evident in the temperature measurements shown in
Figs.3 and 5, appears to result from two factors: (i) a transition from
a situation in which the momentum of the jet of superheated water
is approximately in balance with the drag and buoyancy forces
opposing it (Repy z-0 ~2000 and (Fryy,,-0)>~ 1) to one in which
momentum dominates (Repy, -0~ 10,000 and (Frpy,,-0)% > 1) and
(ii) the effect of thermal dilation, due to entrainment of the mixture
of ‘precursors’ and superheated water into the jet of superheated
water issuing from the inner pipe, is less significant when the
mixture is above the critical temperature of water (low den-
sity) than when it is below the critical temperature (much higher
density).

4. Conclusions

Processes of mixing and heat transfer inside a counter-current
mixer, of a design previously used for the continuous hydrother-
mal synthesis of a range of different inorganic nanoparticles, have
been studied by measuring temperatures in situ at typical operat-
ing conditions. Thus, this work has better defined the conditions for
the synthesis, in a counter-current mixer, of many different types
nanoparticles.

For balanced flowrates (when the flowrates of the superheated
water and ‘precursors’ were equal on a mass basis), the superheated
water issuing from the inner pipe did not penetrate far into the ‘pre-
cursors’. However, large, rapid fluctuations in temperature with
time were observed below the outlet of the inner pipe when the
flows were unbalanced (an excess of superheated water) and Tpy i
was greater than or equal to 400 °C. This suggests that under these
conditions a jet of supercritical water penetrated into the ‘precur-
sors’. Such jetting may be considered undesirable for the controlled
synthesis of nanoparticles.

An increase in temperature of the products as they flowed up
through the annulus between the inner and outer pipes was mea-
sured. This was the result of the internal transfer of heat between
the superheated water and the cooler products. Consequently, the
temperature in the region where the superheated water and ‘pre-
cursors’ meet, i.e. the point at which nanoparticles begin to form,
was substantially lower than that predicted by an overall heat bal-
ance on the mixer. This maximum theoretical temperature was
approached only at the outlet of the mixer.

The balance of forces (momentum, drag and buoyancy) acting
on the jet of superheated water, just as it emerged from the inner
pipe, was quantified by determining the Reynolds and Froude num-
bers at the outlet, Repy, g and (Frpy, .-0)?, respectively. As Tpy, i, Was
increased, Rey,, ;- increased owing to the decrease in the viscosity
of water with temperature. At the same time (Fryy, ,-9)? increased,
indicating that the downwards momentum of the jet began to
overcome the opposing buoyancy force. At the conditions which
resulted in large, rapid fluctuations in temperature below the outlet
of the inner tube, the jet of superheated water was both turbulent
(Repw.z=0 ~ 1 x 10*) and momentum-dominated, i.e. (Fryy z-0)? > 1.

The authors have employed the experimental methods
described in this work in the assessment of alternative designs
of mixer for the CHFS process, e.g. a co-current ‘confined jet’
mixer. Experiments and CFD simulations to investigate trans-
port processes within this new mixer will be reported in due
course.
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