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Abstract-Directing a high-speed, high-temperature, seeded jet generated by a micro-combustor past the 
concave sicle of a ‘cold’, platinum circular foil whose temperature is actively controlled, we investigate the 
simultaneous action of inertial and thermophoretic effects on particle deposition from curved, laminar 
boundary layer flows. Although particle Stokes numbers in these experiments are of 0(10-*), much smaller 
than the values customarily thought to signal the onset of inertial effects, we observe a significant increase 
of particle deposition rates over those expected based on ‘pure thermophoresis’ theory, in agreement with 

a recently developed theory of inertially modified thermophoresis in such flows. 

‘1. INTRODUCTION 

The need for rational predictions of mass transfer 
rates from flowing aerosols across non-isothermal 
boundary layers, arises in many engineering areas 
such as fouling of power generation equipment (e.g. 
heat exchanger surfaces, combustion turbine blades, 
etc.), hot gas clean-up technology (e.g. filtration) and 
novel materials synthesis in aerosol reactors (e.g. 
optical waveguides, ceramics, thin films). Frequently, 
a large part of the particle size spectrum encountered 
in these high temperature aerosols is in the range 
where thermophoresis and inertial transport are 
expected to be the dominant mass transfer mech- 
anisms. In a previous article [l], herafter referred to 
as I, we examined theoretically the simultaneous 
action of inertia and thermophoresis in laminar 
boundary layer fl.ows along curved walls, in the low 
Stokes number (ratio of particle relaxation time to a 
characteristic time scale of the flow), Stk limit. One 
appreciates easily that as Stk increases, inertia quickly 
dominates any other transport mechanism, so the 
coupling of these two mechanisms is interesting pre- 
cisely in the limit of weak particle inertia (Stk << 1). 

In the present paper we describe an experimental test 
of the low Stk, boundary layer (BL) deposition rate 
theory described in I, and report for the first time data 
on inertially augmented thermophoretic deposition 
rates of inorganic sub-pm particles (MgO) from a high 
temperature (ca 1500 K), atmospheric pressure, BL 

tBased on Ph.D. Dissertation of A. G. Konstandopoulos 
(Yale University, Engineering and Applied Science). 
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flow, to cooled, concave solid surfaces. The concave 
shape was chosen for experimental convenience and 
can be thought of as simulating geometrically thepres- 
sure surface of a gas turbine blade. As discussed in 
Section 4, our deposition rate data show that the 
streamwise curvature induced inertial particle drift, 
can lead up to a five-fold rate increase over ‘pure’ 
thermophoretic deposition, to targets cooled ca 30% 
below the mainstream gas temperature, even for very 
small (usually considered ‘inertialess’) particles. This 
means that systematic corrections will have to be made 
to the customary practice of predicting deposition 
behavior of low Stk particles from curved non-iso- 
thermal BL flows, based only on ‘pure’ ther- 
mophoresis theory, employing the theoretical frame- 
work presented in I. 

The structure of the present paper is as follows : in 
Section 2 we describe our experimental set-up, includ- 
ing particle generation, flow-temperature charac- 
terization and deposition rate measurement tech- 
niques. Section 3 contains the deposition rate 
measurements and comparisons with theoretical pre- 
dictions made using the theory of I. In Section 4 we 
discuss the present results and their implications, sum- 
marizing our principal conclusions in Section 5. 

2. EXPERIMENTAL 

Micro-Jet combustor. Our particle deposition rate 
experiments are built around a slightly pressurized (ca 
1.1 atm) micro-combustor (Fig. 1) that provides a 
steady, high speed-temperature jet, seeded with inor- 
ganic MgO particles (see below). This combustor 
evolved from a previous design used for studies 
of condensible vapor-assisted supermicron particle 
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NOMENCLATURE 

4 particle diameter 
f”‘f0 f 0.332 

P fluid density 

PO intrinsic particle density 
K 
I 
Nu, 
P 
Pr 
R 
Re, 
stnl 
Stk 
t 
T 

r/, 
.I- 

?‘ 

particle thermophoretic coefficient 
reflected laser light intensity 
heat transfer Nusselt number 
pressure 
Prandtl number 
deposition surface radius of curvature 
Reynolds number (based on x length) 
mass transfer Stanton number 
Stokes number, t&/R 
time 
temperature 
jet velocity 
streamwise body-fitted coordinate 
normal body-fitted coordinate. 

t particle relaxation time 

WP particle mass fraction. 

Subscripts 
0 initial 
e at the edge of boundary layer 

g gas 
P particle 
x at s location 
W at the wall. 

Other 
BL boundary layer (L laminar) 
fctt -) function of argument indicated 

in+ j. 
Greek symbols 

6 BL boundary layer thickness 

impaction in this laboratory [2] and its availability 
permitted a convenient extension of those studies into 
the domain of inertially modified, sub-pm particle 
thermophoretic transport. 

The 110 cm3 combustion chamber is made of cast- 
able ceramic (Ceramcast 528, Aremco Products, Ossi- 
ning. NY) and includes a spark ignited pilot-burner 
section. The pilot-burner allows for preheating of the 

ceramic parts (to avoid thermal shock failures) and 
provides an ignition source for the main burner. A 
port is also provided for the introduction of test aero- 
sols. Propane and air (Matheson Gas Products, East 
Rutherford, NJ) are metered through calibrated 
flowmeters (Omega, Stamford, CT) and introduced 
via a co-flow arrangement at the bottom of the main 
combustion chamber. They mix and ignite with the 

&,, /-- Exit channel 

Stainless steel 
canister 

Thermocouple 

Flame stabilizer 4 

Insulation 

Air ---/ i Fuel G&i) 

Fig. 1. Cross-sectional view of the microjet burner. 
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Fig. 2. Schematic of experimental set-up. 

aid of the above mentioned pilot-burner in a small 
pre-chamber, and a flame is stabilized on two ceramic 
rods (0.5 mm diameter) placed perpendicular to the 
flow direction at the exit of the pre-chamber. The 
combustion gases are accelerated via a conical smooth 
transition at the top of the combustor and finally exit 
through a square (5 x 5 mm’) cross-section platinum 
duct, embedded in the ceramic cast. The combustion 
chamber is surrounded by a 50 mm thick ceramic 
blanket insulation (Cotronics, Brooklyn, NY) which 
is, in turn, enclosed in a stainless-steel canister. The 
entire assembly sits on a mechanical base that allows 
three dimensional a,patial motion and rotation around 
the vertical axis of the combustor, for fine tuning of 
its position. A 250 pm bead-size platinum/platinum- 
rhodium (R-type) thermocouple senses the tem- 
perature of the outer surface of the ceramic wall and 
serves as an indicator of steady state operation. 

Deposition targe!. A schematic of our experimental 
set-up appears in Fig. 2. The combustion aerosol jet 
is directed parallel to the concave surface of a circular 
arc deposition target made from platinum foil (6 mm 
radius, 10 mm amlength, 25 mm long, 0.127 mm 
thick). The target is held in place by two copper elec- 
trodes connected to a Teflon-insulated, aluminum 
base which is supported by a three-degrees-of-freedom 
adjustable post for controlled target positioning. The 
target temperature can be actively controlled either 
by connecting the supporting electrodes to a 100 A 
(maximum) power supply (KEPCO, Flushing, NY) 
or by air-cooling of the rear side of the target using 
an arrangement of very small nitrogen jets delivered 
by a perforated 3 mm stainless steel tube, bent parallel 

to the rear side of the deposition surface and held at 
a 3 mm distance from it. The target temperature is 
monitored either with a fine (100 pm bead size) R- 
type thermocouple, soldered behind the deposition 
location on the rear surface of the platinum foil, or by 
a calibrated optical pyrometer (Pyrometer Instrument 
co., Bergenfield, NJ). Temperature variations 
observed with the optical pyrometer along the stre- 
amwise direction of the target were found to be at 
most 5%, when no active temperature control was 
employed, and below detection limits in the presence 
of temperature control, hence the deposition surface 
could be assumed to be isothermal for all experiments 
reported here. The combination of jet velocities, U,, 
possible with our arrangement (maximum velocity 
attainable is around 140 m ss’) and wall radius of 
curvature used, R (6 mm) supplies a centrifugal accel- 
eration ca 104-lo5 xg, that drives the almost ‘iner- 
tialess’ particles, [based on their 9(10m2) Stokes 
number, where Stk (= TU,/R) towards the wall and 
thus modifies the dominant thermophoretic depo- 
sition mechanism. Note that the present definition 
of Stk originates in the theoretical analysis of I and 
although of the same order of magnitude, it is different 
from the Stokes number based on the present jet 
dimensions. A jet-dimension based Stk,,, does not 
incorporate the appropriate flow characteristic time 
past a curved surface, R/U, and consequently it is 
irrelevant for the present problem. Stk,,, is of relevance 
in stagnation point flows against flat surfaces, where 
it determines the radial extent of particle motion. 

Particle generation. A version of the Denton and 
Swartz [3] ultrasonic nebulizer, available in-house, 
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Fig. 3. Size distribution of MgO particles. The symbols refer 
to different collected samples. The particles have a volume 

mean diameter of 0.84 pm and a (rl of 1.2. 

was used to disperse an aqueous 0.1 M solution of 
ultra-pure magnesium-sulfate, MgSO,(s) in a 2 1 
min-’ carrier stream of nitrogen. The aerosol stream 
passes through a sequence of plenum chambers (that 
separate out the larger droplets and damp any feed 
rate unsteadiness) and then is introduced, partially 
dried, in the combustor through a 120 cm long, 6 mm 
diameter, flexible hose. The nebulizer set-up includes 
an air-cooling arrangement to avoid overheating of 
the piezoelectric transducer (driven at 1350 MHz) that 
causes the liquid atomization and an inclined, gradu- 
ated, side glass-tube connected to the solution reser- 
voir, that indicates the amount of remaining solution. 
A copper-constantan (T-type) thermocouple moni- 
tors the solution temperature. 

During their residence time (ca 3&130 ms, depend- 
ing on the flow rate) in the combustion chamber the 
dissolved MgSO, solution droplets transform rapidly 
into small, spherical, MgO particles with a 0.84 pm 
volume mean diameter and a 1.2 standard geometric 
deviation, og (Fig. 3) as determined by size-insensitive 
[4] ‘pure’ thermophoretic sampling and subsequent 
Scanning Electron Microscopy (SEM). To the extent 
that all droplets entering the combustor have the same 
concentration of MgSO, and experience approxi- 
mately the same (plug-) flow and temperature history 
during their transformation, we expect the poly- 
dispersity of the MgO solid particle distribution to be 
approximately the same as that of the solution droplet 
aerosol. Ultrasonically generated aerosols are typi- 
cally known to be more polydisperse than the present 
one, with og x 1.5 [5]. However, this value of cg refers 
to the direct output of the nebulizer, before any con- 
ditioning. In the present set-up, the ultrasonically gen- 
erated aerosol size distribution undergoes several 

changes as it passes through the delivery system being 
depleted of the larger particles aerodynamically into 
the sequence of plenum chambers and of the smaller 
particles diffusionally in the carrier line. These pro- 
cesses produce an aerosol with a smaller oB than the 
presumably higher, initial og (Z 1.5). Studies that have 
addressed the morphology of particles generated upon 
drying of solution droplets [6, 71 indicate that the 
resulting solid particles may be porous, their final 
state being a function of ‘process’ conditions (relative 
humidity of carrier gas, solution strength, tempera- 
ture, etc.). While our particles are in addition sub- 
jected to the hot combustor environment, they are 
nevertheless expected to retain their structure, since 
the maximum adiabatic flame temperature attained in 
the combustor is about 2300 K, substantially lower 
than the MgO(s) melting point (3100 K). In fact. 
based on the theoretical predictions of I. and as dis- 
cussed later in Section 3, the particles we generate are 
likely to be porous with a void fraction around 36%. 

A single particle counter based on the principles 
outlined in ref. [8] was constructed in order to monitor 
the particle feed-rate in situ (see Fig. 2). However. 
due to sensitivity problems with the available optical 
detection equipment, we were not able to monitor the 
sub-pm particle feed rate in the hot jet. Instead, we 
monitored the supermicron solution droplets feed rate 
under equivalent cold-flow conditions and established 
that their relative concentration profile across the jet 
was acceptably uniform (Fig. 4). The concentration 
of the resulting smaller solid MgO particles in the hot 
jet is expected to be likewise uniform, considering their 
much smaller than unity Stokes number (based on 
exit channel length), their 0( 10’) Schmidt number and 
jet exit velocity profile (Fig. 4). 

The absolute feed rate of the nebulizer was deter- 
mined with a gravimetric technique passing the aero- 
sol stream before its introduction into the burner 
through a small (50 cm3) polyethylene sampling cap- 
sule filled with silica-gel and monitoring its rate of 
weight gain. Employing two capsules in series we con- 
firmed that no measurable quantity of water escaped 
the first capsule during sampling. Preliminary exper- 
iments were conducted to find how long it would 
take for the particular nebulizer to reach steady-state 
aerosol production (typically less than 30 min) and 
subsequently all experiments were conducted after at 
least a 30 min period of nebulizer warm-up. In all 
runs, the nebulizer solution feed rate was maintained 
at 0.037 g min-’ and consequently based on solution 
strength, the particle feed rate was 0.149 mg min’. 
Based on geometric optics calculations for the probe 
volume of the SPC, absolute droplet and particle num- 
ber count rates were computed to be 2.17 x 10” s-‘. 
These nebulizer solution feed and count rates are con- 
sistent with a mass averaged droplet size of 6.9 pm 
(cf. [5]). Particle number densities depend on the jet 
flow rate and varied from 1.38 to 2.75 x 10” mp3. 
Consequently, interparticle interactions can be neg- 
lected and since the MgO mass fraction of the com- 
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Fig. 4. Jet characterization : hot-flow velocity and temperature profiles and equivalent, cold-flow, droplet 
concentration profile. 

bustor aerosol eflluent was negligible, we can also 
assume that the ‘host gas flow was undisturbed by 
the presence of the particles. 

Deposition rate measurement technique. We have 
used the real-time laser reflectivity technique of 
Rosner and Kim [9] to measure local initial particle 
deposition rates at a point on the target located at 0.5 
rad turning angle from the leading edge, measured 
with the aid of a cathetometer. The technique is based 
on monitoring the decay of the intensity, Zft), of a 
specularly reflected laser beam (here He-Ne) from its 
‘clean’ surface value I,,. as the surface is being covered 
by depositing particles. Not surprisingly, the initial 
rate of light intensity decay -d(Z/Z,)/dt is constant 
(i.e. Z+ t j is initially linear in t) and is proportional to 
the rate of change of surface coverage, as found in 
[9] and also confirmed in the present study, by post 
mortem SEM calibrations. It is then possible to con- 
vert the initial rate of loss of reflectivity into a particle 
volumetric deposition rate. The laser beam angle of 

incidence was maintained constant by careful pos- 
itioning of the target in all experiments. Our best 
estimate of it is ca 50” relative to the normal at the 
deposition measuring point. Figure 2 shows a sche- 
matic of the present optical arrangement, while the 
reader is referred to [9] for further details on the 
implementation of these techniques. 

Flow and heat transfer characterization. We have 
experimentally characterized the particle-free flow 
over the circular concave deposition surface, using 
specially constructed and instrumented targets geo- 
metrically similar to the concave platinum ribbons 
used for the MgO particle deposition experiments. 
For the flow measurements we used stainless steel 
sharp-edge targets, with manometer pressure taps 
along the flow direction. Streamwise pressure differ- 
ences from atmospheric pressure were recorded with 
the help of an inclined tube oil manometer. Free 
stream (jet) velocities were estimated using a small, 
ceramic pitot tube (0.3 mm tip diameter with < 10% 
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low-Re correction), while gas temperatures were mea- 
sured with fine-wire (50 pm) R-type thermocouples, 
compensated for radiative/convective heat losses. A 
typical jet exit velocity and temperature profile is 
shown in Fig. 4. The velocity measurements when 
integrated over the jet area were found to be within 
5% of the mean velocity determined from total flow 
rate and jet exit area. This served as a consistency 
check of our measurement technique. While BL flows 
over concave surfaces are known to become unstable 
due to the appearence of Taylor-Giirtler vortices [IO], 
in the present experiments we maintained flow con- 
ditions well below the experimentally determined 
instability threshold as given in [lo]. This was con- 
firmed by the heat transfer measurements described 
below, which serve as a sensitive indicator of devi- 
ations of the flow from the stable laminar regime. For 
the heat transfer measurements we used heat insu- 
lating concave wedge-shaped, sharp-edge targets con- 
structed from machinable alumina ceramic (Cotron- 
its, Brooklyn, NY), fitted with miniature calorimeters. 
The transient micro-calorimeter consisted of a high 
purity copper rod (1.2 mm diameter x 3 mm long) 
mounted flush with the exposed surface to the flow, 
with an embedded R-type thermocouple with its leads 
accessible from the rear of the target. The wedge shape 
of the target prevented the flow from reaching the 
rear of the calorimeter which would have affected 
the measurements. Care was taken to minimize the 
contact area between the copper block and the ceramic 
target in order to approximate an adiabatic calor- 
imeter. Using the calorimeter’s mass, exposed area, 
heat capacity and initial slope of transient response, 
the local wall heat flux could be readily computed (see 
e.g. [ 1 I]). 

Heat fluxes measured with the transient calorimeter 
were converted to a heat transfer Nusselt number, 
Nu,, and plotted as a function of the local Reynolds 
number Re, as shown in Fig. 5(a). The solid line is 
the classical Polhausen laminar boundary layer (LBL) 
solution for zero streamwise pressure gradient (flat 
plate) and constant wall temperature [lo] 

NM h = 0.332Pr’” * Re”“. I (1) 

The excellent agreement between the measurements 
and the LBL solution can be further understood 
examining the pressure distribution measurements. 
Figure 5(b) depicts the pressure variation along the 
wall AP,fxf = Pwfxj- P,,,, normalized by the 
inviscid pressure scale ppl_Jf/2 for different jet vel- 
ocities and parameterized by the global Reynolds 
number. Re, = U,R/v. AP,+xj is constant up to a 
turning angle of 1 rad and then starts to decrease as 
the tail of the wall is reached. The dependence of the 
dimensionless wall pressure on Re, is a consequence of 
the wall curvature. For curved boundary layer flows, 
pressure differences across the boundary layer scale 
with 6,JR [12]. as seen from the following scaling 
analysis of the momentum balance BL equation in the 
normal direction to the wall : 

(a) 

o Experiment 

6 
t 

0.60 
RCR = 1233 

,lJ , , , , , 
0 0.25 0.50 0.75 1.00 1.25 I 

x/R 

Fig. 5. Flow and heat transfer characterization. (a) Heat 
transfer Nusselt number, Nub, vs Re, measurements for con- 
cave targets. The line is the classic prediction for zero pres- 
sure gradient, laminar boundary layer flow. (b) Normalized 
pressure distribution on a concave target for various ReR- 

i0 

values. 

ap 2 -= 
ay %’ 

petxj - PwfxS %L 
lu2 --g- 
IP J 

= 2const. i 0 
- l,Z 

R&Ii2 (2) 

so the dimensionless pressure gradient along the outer 
edge of the LBL, dpe,ldx is related to the dimensionless 
pressure gradient along the wall dp,+,,ldx by : 

dpe dpw 
dx - dx +const. Re,‘/’ * 

-I,2 
(3) 

The second term on the RHS is small enough for 
sufficiently high Re, and therefore dP,ldx can be used 
instead of dP,/dx in the steady Bernoulli equation : 

to infer the velocity distribution U&x-) along the 
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outer edge of the LBL. The wall pressure variation of 
Fig. 5(b) then implies that the flow velocity at the edge 
of the LBL is constant for up to 1 rad turning angle 
irrespective of Re,, and then increases slightly towards 
the trailing edge. 

Our heat flux and particle deposition rate measure- 
ments were conducted at 0.5 rad turning angle so 
they were essentially conducted in an effectively zero 
pressure gradient LBL flow, and the wall curvature 
has no first-order dynamic effect on either the flow 
or the heat transfer under the present experimental 
conditions (cf. ref. [12]). However, the same is far 
from being true for particle mass transfer. The stre- 
amwise wall curvature on BL mass transfer cannot be 
neglected (cf. I) even for very small particles (con- 
ventionally considered inertialess, on the basis of the 
smallness of their Stk). These flow and heat transfer 
characterization results, valid in the limit of very low 
particle mass loading, justify our treatment of the 
flow and temperature fields in our theoretical analysis 
presented in I. 

Experimental procedures. For a typical experiment, 
we ignite the pilot-burner and slowly preheat the com- 
bustor for about an hour until its outer wall tem- 
perature stabilizes. At this point the main burner fuel 
and oxidizer flowmeters are turned on at a preset 
operating point with the aid of turn-on/shut-off valves 
and the combustor is left to stabilize again. In 
addition, the power to the ultrasonic nebulizer trans- 
ducer is turned on to initiate solution atomization. 
The nebulizer carrier nitrogen stream is fed into the 
combustor by-passing the nebulizer via a three-way 
valve to allow for precise setting of the jet operating 
conditions. After the warm-up interval of the neb- 
ulizer the carrier stream is diverted through the neb- 
ulizer and the aerosol is admitted in the combustor. 
At the same time we monitor the jet temperature and 
velocity and make any fine adjustments in the com- 
bustor flow rates, if necessary, to obtain the desired 
jet velocity-temperature. Once the jet conditions have 
been set, we again by-pass the nebulizer and start the 
target conditioning routine. The platinum foils used 
were already pohshed clean with aqua regia, rinsed 
with distilled water in an ultrasonic bath and mounted 
on the target holder. The target holder is brought into 
position, the target exposed to the flow and left to 
reach the desired temperature (employing the active 
temperature control system described earlier). At the 
same time the deposition monitoring laser beam 
reflects off the target and is collected specularly after 
spatial and spectral (6333 A) filtering on a photodiode 
(EG&G, Princeton, NJ) as shown in Fig. 2. We change 
abruptly the target temperature a few times in order 
to relieve any melzhanical stress left during mounting 
that may affect th’: direction of the specularly reflected 
light beam, while monitoring its intensity. Once it 
reaches a constant value, meaning that the system has 
equilibrated, we let the target temperature stabilize 
(typically in a few seconds) and then admit abruptly 
the aerosol into the combustor to start a deposition 

experiment. The target exposure typically lasts less 
than 5 min, during which the intensity of reflected 
light decays linearly, in proportion to the deposition 
rate, as previously discussed. For each experiment 
we can then correlate deposition rates with measured 
deposition conditions. Experimental results were 
obtained maintaining the gas temperature T, at 1461 
K (f 5.5%) and varying wall temperature, T,, keep- 
ing the ratio T,,,/T, in the range 0.74.98 while setting 
jet velocities to 31.5 m SC’ ($3.4%) and 72 m s-’ 
(&5.1%). 

3. RESULTS 

3.1. Rejectivity curves 
As mentioned, the outcome of each deposition 

experiment is a time record of normalized reflected 
light intensity Zftj/& (‘reflectivity curve’), the initial 
slope of which, when calibrated against post mortem 
SEM analysis, gives the local particle volume depo- 
sition rate. Figure 6(a) shows a typical reflectivity 
curve obtained at a temperature contrast ratio (T,,,/T,) 
of 0.8 and a jet velocity of 31.5 m s-‘. This and similar 
curves show an initial linear part whose slope increases 
with T,/T, consistently with the action of ther- 
mophoresis. However, as time passes the surface 
coverage becomes appreciable and the curves become 
non-linear, eventually ‘saturating’ when the deposit 
surface has reached an ‘optically’ steady-state struc- 
ture, and consequently, its reflectivity does not change 
further. Although not pursued further in the present 
study, it is of interest to note that the steady-state 
reflectivity behavior in principle contains information 
on the deposit surface morphology and its study in 
the future may provide useful feedback to recent com- 
puter simulations of deposit growth from this lab- 
oratory [13, 141. 

Figure 6(b) shows reflectivity curves obtained with 
two different jet velocities (31.5 and 72 m s-‘) at a 
fixed T,/T, (0.8). The rate of loss of reflectivity is 
faster for the higher velocity implying a higher depo- 
sition rate. Increasing the jet velocity affects depo- 
sition rates in two ways. Firstly, by reducing the BL 
thickness it enhances the temperature gradient and 
thus increases the strength of thermophoretic depo- 
sition. An additional effect comes from the increased 
particle inertia due to the fact that Stk is proportional 
to the jet velocity. In the present experimental arrange- 
ment, we can separate these effects by keeping the jet 
velocity constant so that the strength of ther- 
mophoresis is also constant, and change the radius of 
curvature of the target to affect the particle Stk and 
thus its inertia. Figure 6(c) shows reflectivity curves 
obtained at a fixed TJT, (0.8) and jet velocity (31.5 
m SC’) and using two different deposition surfaces : a 
flat target (R = co) and a concave (R = 6 mm) target. 
It is instructive to compute the particle Stk-value in 
these experiments : 

Stk = =uJ = BP4 ui c 

R 18~ R 



2324 A. G. KONSTANDOPOULOS and D. E. ROSNER 

V.7 \ 

\ 

\ 

\ 

i \  

- K=O.Jl \ \ --- K=0.55 
0.3 \ 

\ 

I L , 

0 5.0 10.0 15.0 20.0 25.0 30.0 

t [min] 

11 T1/T”=O.St , , 

0 0.5 1.0 1.5 2.0 

t [min] 

j ~~;~:s_I ‘;‘I . 0. 0.5 1.0 1.5 2.0 

t [min] 

Fig. 6. Reflectivity curves. (a) Intensity of specularly reflected 
laser beam from Pt target as particle deposition occurs. The 
reflectivity method of [9] employs the initial slope to infer 
the deposition rate. (b) Influence ofjet velocity on reflectivity 
curves for thermophoretic deposition. (c) Influence of target 
surface curvature on reflectivity curves for thermophoretic 

deposition. 

TwfL 
Fig. 7. Comparison of theory and experiments for inertially 
enhanced therrnophoretic deposition to a concave ribbon. 
The solid lines correspond to a therrnophoretic coefficient 
K = 0.51 and the dashed to its free-molecular limit K = 0.55. 

The Cunningham correction factor C accounts for slip 
(and ultimately free-molecular) deviations from the 
continuum Stokes drag form. All variables appearing 
in equation (5) are known or measurable, except the 
intrinsic particle density, pp. Crystalline MgO has a 
density of 3.58 g cmm3, however, as mentioned pre- 
viously, particles generated by drying solution drop- 
lets tend to be porous and have a lower density. Thus 
only an upper bound to Stk can be obtained using 
the crystalline MgO density. The corresponding 
maximum Srks for the two curves shown in Fig. 6(c) 
are then 0 and 0.03, for the flat and the concave target 
respectively. Interestingly enough, this value of 0.03 
is at least an order of magnitude lower than the critical 
value of Stk where inertial impaction is usually 
expected to set in, [of O(lOP’) for potential flows and 
O(1) for creeping flows around spherical and cyl- 
indrical collectors]. Furthermore, as we estimated 
using an ideal inviscid flow field with circular stream- 
lines for the present geometry (which incidentally does 
not have a critical Stk) inertial enrichment of the 
particle concentration outside of the BL, does not 
become appreciable unless Stk > 0.1. To interpret 
such experiments it is necessary to use the theory 
presented in I for the simultaneous action of ther- 
mophoretic and low-Stk inertial effects in curved BL 
flows. 

3.2. Deposition rate measurements 
As shown in I, the deposition rate of non-Brownian 

(SC >> 1) particles can be expressed in dimensionless 
form as 

(6) 
with the factor w,,,/o,,~ accounting for the fact that 
the local particle concentration field is modified from 
its free stream value due to the combined action of 
inertia and thermophoresis. We present therefore in 
Fig. 7 our deposition rate results in the form suggested 
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by equation (6) i.e. as St,,, * Rej.” vs TWIT_ assuming 
that the temperature at the edge of the BL, T,, is equal 
to T8. Deviations from a single curve would then be 
due to inertial eflFects as quantified by the value of 
Stk * Re”‘, the relevant inertial parameter for this 
problem (cf. I). Superimposed on the same graph are 
the predictions of the inertially modified ther- 
mophoretic theory of I which are seen to capture 
rather well the experimental data. For these pre- 
dictions we have used the Talbot et al. [ 151 expression 
to compute the particle thermophoretic coefficient and 
plotted the curves for various values of Stk Rei”. As 
discussed in ref. [I 31 particle rotation in the BL is not 
expected to make the applicability of the Talbot et al. 
[15] expression questionable under the present con- 
ditions. The solid lines in Fig. 7 correspond to our 
best estimate of the MgO particles thermophoretic 
coefficient while the dashed lines correspond to the 
free-molecular limit of the thermophoretic coefficient. 
As already mentioned, the experimental Stks are not 
known precisely due to uncertainties in the density 
of the MgO parncles generated upon drying of the 
solution droplets. However, agreement of the exper- 
imental points with the superimposed theoretical 
curves is consistent with a particle density of 2.29 g 
crne3 in the computation of all Stk (and St,) values. 
This density value amounts to assuming a 36% 
porosity for the dried MgO particles, and is reason- 
ably close to a rough, yet independent estimate of 
40% porosity, ba:sed on the mass averaged diameter 
of 6.9 pm, of the ultrasonically generated droplets, 
estimated in Sectlon 2 (see also ref. [5]), the solute 
concentration and the dried particle diameter of 0.84 
pm obtained from SEM. While porosity of each par- 
ticle modifies the particle stopping time by an 
additional factor that depends on its permeability, it 
can be shown that for the present case this factor is 
very close to unity. We thus conclude that the present 
experimental findngs are well accounted for by our 
theory. From the data presented in Fig. 7 we see that 
inertial enrichment sets in at Stk. Re:” - @(lo-‘) 
and can enhance -thermophoretic deposition rates by 
five-fold as Stk * R8cx ‘I2 becomes of 8(l), for a moderate 
temperature contrast ratio, TJT,, of 0.7. 

4. DISCUSSION 

In the present work we report for the first time the 
results of an experimental study of the simultaneous 
occurrence of inertial and thermophoretic effects, dur- 
ing high temperature BL aerosol deposition over 
curved surfaces. Using simplified bench-top exper- 
iments, we have been able to gain important insights 
of these coupled phenomena which should prove use- 
ful in examining !juch interactions in more complex 
geometries (e.g. gas turbine blade cascades). 

Our experimental results (Fig. 7) suggest that it 
is permissible to neglect (curvature induced) inertial 
effects in BL flows only for say, Stk. Rei/’ 
< cO(lO-I). To appreciate the range of applicability 

I c 1 Region of validity of 
I- 
O BLtkwy 
I 

Rex 
Fig. 8. Inertialess vs present inertial boundary layer depo- 

sition theory on the (Sk, Re,) map. 

of the present results and to delineate the limits of 
validity of the inertialess (pure thermophoretic) analy- 
sis for deposition from BL flows over curved surfaces 
we have constructed the map of Fig. 8 considering the 
parameter space of interest in say, fossil-fuel power 
generation environments. As seen in Fig. 8 the iner- 
tialess analysis is expected to have a small range of 
validity since it depends on ‘conflicting’ requirements 
for Stk( cc 1) and Re.:” (B 1). On the contrary, the 
inertial theory of I has the advantage that it is asymp- 
totically exact in these limits and as a consequence has 
a much wider range of applicability. 

In terms of particle sizes the following order of 
magnitude estimate can be made for a high-tem- 
perature (ca 1200 K) environment : 

d ’ l/2 +~Re;/'. + . ; 

00 

I,2 
Stk * Re, < 0.1 (7) 

e 

which for typical densities of inorganic ash particles 
and a collector ReR - cO(10’) gives: h/R < 10-6. For 
common radii of curvature R - @(lo-2 m) our esti- 
mate gives O(O.01 pm) as the ‘cut-off diameter above 
which inertial effects should be included for accurate 
predictions of deposition rates. Of course the restric- 
tion of equation (7) would always be true in a very 
small region [such that (x/R)-“~ is sufficiently large 
to make it valid] near the stagnation point of a bluff 
body, or at the beginning of a bend, or near the leading 
edge of the Pt-foil used in our experiments (however 
BL theory is not valid in this latter case). In these 
cases the inertialess analysis could be used, provided 
that the assumptions Stk( << 1) and Re:12 (>> 1) are 
still valid. It should be stressed that although the pre- 
sent study considered how inertial effects modify ther- 
mophoretic transport, the previous estimates for the 
onset of inertial effects in curved BLs are expected 
to be largely independent of the prevailing transport 
mechanism [ 131. 

An important consequence of the low Stk, BL iner- 
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tial effects considered here and in I, is the breaking of 
the now-familiar heat-mass transfer ‘analogy’ enco- 
untered in pure thermophoresis [l&18]. The local 
particle mass fraction over an isothermal boundary, 
colder than the mainstream, is to a very good approxi- 
mation uniform. This will be true provided that the 
particles originate from a region of uniform tem- 
perature and concentration. Under these conditions 
the aforementioned analogy then states that ther- 
mophoretic mass transfer rates are proportional to 
the heat-flux to the boundary and can be estimated 
from more readily available heat transfer measure- 
ments. The value of such a simple scheme is obvious 
since it permits the extension of many heat flux cor- 
relations in complex flow geometries to the domain 
of thermophoretic mass transfer. The present study 
shows that systematic generalizations [13] to this 
scheme will have to be sought when Stk * Re:12 is not 
negligible, in the spirit of the analysis presented in I. 

For convenience in this first effort we have studied 
experimentally deposition to concave surfaces with 
effectively zero streamwise pressure gradient, colder 
than the mainstream flow. The study of convex sur- 
faces should present no problem provided that we stay 
above the lower threshold of the reflectivity detection 
scheme, since now we would be measuring depletion 
rather than enrichment of particle deposition rates as 
the inertial parameter Stk* Re.i’* is increased. In 
addition, the study of hot-walls and how particle iner- 
tia affects their associated particle-free regions (cf. I) 
is also possible with the present experimental set-up. 
The interpretation of such new measurements can be 
also effected employing the theoretical method of I, 
at least until the onset of flow separation for the con- 
vex case or Taylor-Gortler vortices for the concave 
case. 

The fluid mechanics of the host-flow can be straight- 
forwardly extended from the simple case considered 
here to other geometries to include non-zero pressure 
gradients (e.g. using miniature turbine blade models, 
cylinders in cross-flow, etc.). Similarly, the theory can 
incorporate such and/or variable property effects, at 
the expense of numerical complexity. In all cases the 
crucial parameter governing inertial effects is still the 
BL (effective) Stokes number Stk- Rel’*. For com- 
plete predictions however, an additional problem has 
to be solved, namely that of computing the particle 
concentration at the ‘outer’ edge of the mass transfer 
BL (which here coincides with the heat transjer BL). 
This concentration will be systematically enriched or 
depleted from its free-stream value. Such an inviscid 
inertial enrichment/depletion (outside the BL) 
depends only on Stk [ 191. Here due to our exper- 
imental design, the particle concentration at the outer 
edge of the BL was expected and confirmed theor- 
etically to be essentially that of the jet. 

We have hinted that the upper limit of validity of 
the present results with respect to Re, (provided that 
Stk is small) is dictated by the onset of fluid-dynamic 
instabilities that will eventually lead to turbulence. 

Although extensive experimental data exist on inertial 
effects on particle transport in isothermal, straight, 
turbulent BLs (‘eddy-impaction’) there is a scarcity of 
data on particle transport in turbulent, non- 
isothermal, curved BLs even for inertialess particles, 
and the extension of the present experimental and 
theoretical studies to such cases should be given a high 
research priority. Other phenomena may also come 
into play at higher Re, even before transition to tur- 
bulence, such as shear-induced removal of pre- 
deposited particles or the inability of a particle to find 
a ‘stable home’ in the deposit [20]. In fact, we have 
observed at higher jet velocities (120 m s-‘) than the 
ones reported here, a decrease in deposition rates. 
However, we have not yet undertaken a systematic 
study of such cases. Similar observations were recently 
reported by Make1 and Kennedy [21] in their inves- 
tigation of pure thermophoretic, organic soot depo- 
sition in stagnation point flows. In that study a 
decrease of net deposition rate set in at 1000 SC’ vel- 
ocity gradient and this was attributed to shear-induced 
particle removal. 

5. CONCLUSIONS 

Based on bench-top. high temperature BL particle 
deposition experiments, using concave targets, and 
related theoretical calculations [1], we draw the fol- 
lowing conclusions for the simultaneous action of 
thermophoretic and inertial effects : 

(1) Observed particle deposition rates are in good 
agreement with the inertially modified BL transport 
analysis of I. This comparison confirms the theor- 
etically anticipated, significant effects of particle iner- 
tia on deposition rates, even at small enough Stk when 
customarily (and incorrectly) these effects are 
assumed to be negligible. 

(2) The importance of inertial effects on ther- 
mophoretic transport in BL layers with streamwise 
curvature in the small Stk limit is controlled by 
Stk* Re:” rather than Stk alone. 

(3) Limits of applicability of the commonly used 
inertialess analysis and relevant criteria were given. 
For Stk* Re.:“-values of order 10-l and higher, the 
inertialess analysis would grossly miscalculate the 
actual deposition rate. These criteria in conjunction 
with the present theory of inertially modified ther- 
mophoretic transport, are expected to enhance the 
reliability of mass transfer rate predictions in aerosol 
deposition to curved surfaces. 

In closing we re-affirm the following view of low 
Stk inertial phenomena emerging from last decade’s 
research in this laboratory : even though particle iner- 
tia by itself may not be able to cause the deposition 
of small Stk particles, it acts co-operatively with any 
other non-negligible transport mechanism present. As 
a result, the particle concentration at the deposition 
surface and thus the particle deposition rate can be 
affected dramatically. 
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