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ABSTRALT

Two sets of experiments have peen performed to be
avle to predgict tne convective agiffusion heat/mass
transfer rates to a cylindrical target wnose height
ang adiameter are comparanle to, but less than, the
diameter of tne circular cross-stream jet, thereby
simulating tne same geometric configuration as a typ~
ical vurner rig test specimen located in the Cross-
stream of the combustor exit nozzle. The first set
exploits the napnthalene sublimaticn technique to
getermine the heat/mass transfer coefficient under
isothermal conditions for various flow rates (Reynolds
numbers). The second set, conducted at varicus com-
oustion temperatures and Reynolds numbers, utilizes
the temperature variation along the surface of the
above-nentioned target under steady-state conditions
to ustimate the effect of cooling (dilution) due to
tne entrainment of stagnant room temperature air. The
experimental information obtained is used to predict
hign temperature, high velocity corrosive salt vapor
ueposition rates in vurner rigs on collectors that are
jeometrically tne same. Tne agreement with prelimi-
nary data obtainea from Na{504 vapor deposition exper-

iments is founa to be excellent.
UMENCLATURE

A area

d diameter

v (Fick) diffusion coefficient
UL giscnarge coefficient

Feturod function describing mainstream turbulence

*Case Western Reserve University, Departiment of
Mecnanical and Aerospace Engineering, Cleveland, Ohio
441060 and NASA Resident Research Associate.

™ mass (oeposition) flux

L characteristic iength {diameter of cylindrical
collector)

m mass flowrate (pUA)

M molecular weight of gas

Ma Macn number, U./Usgnic

n exponent of Schmidt number

Nu mass transfer Nusselt (Sherwood) number

Nug local (e-dependent) Nusselt number

p pressure

R universal gas constant

Re Reynolds numoer

Sc Schmidt number, u/(eD)

T apsvlute temperature

U velocity

Y ratio of neat capacity at conctant pressure
to nheat capacity at constant volume

& difference operator

8 angle from the windward stagnation point

n dynamic viscosity of gas
[ density of gas
w mass fraction of transported species

Subscripts
amd ambient conditions



e local outer edge of boundary layer around tne
collector

eff effective

] leeward stagnation point
1am laminar mainstream

o winaward stagnation point
w at the surface (wall)

- upstream infinity
Miscellaneous

averaged quantity
<+ function of aryument inside parenthesis
1., INTRODUCTION

Trace amounts of impurities in hot gas flow sys-
tems can lead to the deposition of corrosive salts
(i.e., sodium sulfate) on cold surfaces, severely
deteriorating system performance. The objective of
the "not" corrosion research at NASA Lewis Researcn
Center is to predict hot section component life, spe-
cifically for combustion turbine engine applications.
For tnis purpose less expensive (cf. full scale engine
testing) nign velocity-high temperature (and high
pressure) burner rigs, nominally operating at Mach
0.3, were built to measure deposition rates of sodium
sulfate on inert, internally cooled, cylindrical col-
lectors located in the cross-stream of Na-salt-doped
combustion gases. The purpose of internal cooling (by
air impingement) was to independently control the col-
lector surface temperature irrespective of combustion
gas and prevailing dew point temperatures. The
results of the previous work were reported in detail
in Refs. 1 and 2.

Tne corrosive deposits are formed primarily by
tne vapor transport of precursors {(e.g., NaOH, Na,
NapS04, etc. in the case of NapSO4 deposition) across
tné boundary layer. A comprehénsive, chemically fro-
zen boundary layer vapor transport theory has been
recently formulatea to predict deposition rates (3,4).
However, tne complicated aerodynamic conditions pre-
vailing in the burner rig depusition tests necessi-
tated further experimentally determined parameters to
ve provided to the tneory to gain predictive
capabilities,

Because of tne internal air cooling feature, the
collector diameter nad to oe relatively large with
respect to the purner nozzle throat diameter. The
collector diameter was 1.91 cm (with a wall thickness
of 0.32 cm) and the tnroat diameter was 2.54 cm, This
dimensional relationship facilitates ambient air
entrainment and penetration into the not gases around
the collector, causing significant cooling of the
mainstream and dilution of precursor contaminants.

The full utilization cf the extensive literature on
poth cylinders in crossflow (5-8) and impinging jets
{9,10) was limited by the geomelric constraints as
shown in Fig. 1. Therefore, experiments were per-
formed to determine (a) tne discharge coefficient of
tne pburner exit nozzle by exploiting isentropic jet
expansions, (D) the mass transfer coefficient and the
mainstream turbulence effect (11-16) pertaining to the
burner rig test configuration By éxploiting the naph-
tnalene sublimation technique (17-19), and (c) the
entrained ambient air cooling and dilution effect by

exploiting the effective jet impingement cooling con-
cepts (20-23). Predicted sodium sulfate mass transfer
(depositTon] rates using this information were com-
pareg to the preliminary experimental data, and excel-
lent agreement was obtained.

Tne following analysis is concerned mainly with
the effect of tne larger diameter rather than the
neignt (1.27 cm) of tne cylindrical collector,
a1tnough the naphthalene sublimation experiments to
determine the mass transfer coefficient exactly dup-
Ticated the collector geometry.

2. PROSBLEM DEFINITION AND APPROACH

For a cylindrical collector in crossflow with the
nomenc lature given in Fig. 2, the local mass transfer
(deposition) flux of a trace (w, << 1, 1-10 ppm Na in
our case) species at the surface can be given by:

w0l
Jy =T " Mg o (wg - w) (1)

In Eq. (1) we deliberately neglected the thermal dif-
fusion (Soret) effect for simplicity although we do
include it for our rigore-s predictions (3,4). The
surface mass fraction of @ species, wy, i5 derived
from surface reaction (or sticking") rate constants
or equilibrium vapor pressures prevailing at tne sur-
face temperature. However, again for the sake of sim-
plicity, although with no loss of generality, we will
also assume that wy << we 1in our discussions below.
In an ideal cinnder in crossflow situation the
collector would be small enough to be totally immersed
in the combustion gases such that the angular mass
fraction of tne dopant species in the mainstream around
around the collector, wg, would be constant and equal
to tnat in the purner exit gases, w,. Similarly, the
mainstream total temperature, Tq, would be the same
as the total jet temperature, Tos of the approach
stream, The fact that our collector diameter is com-
paraple to, but less than, the jet diameter, causing
the efficient entrainment of ambient air, gives rise
to a hignly nonaaiabatic flow ana a noruniform concen-
tration mainstream. In turn, the local thermodynamic
and transport properties become angie dependent,
Moreover, tne entrainment and mixing taking place in
tne mainstream may be strong enough to influence the
poundary layer aerodynamic structure to, eventually,
cause the mass transfer Nusselt (Sherwood) numoer,
Nug, to nhave an angle dependence other than its
customary cuoical relationsnip (24) obtained in “per-
fect" cylinder in crossflow studies. Therefore, the
average deposition flux on the collector is given by:

2n
i, = o f b ATotodr + DAT Aodr = Nute, T ot
V]
tugter e do s o T Nue ) (2)

Note that the perimeter averaged product is not the
same as the product of the individual perimeter aver-
aged quantities., Therefore, an approach directed at
obtaining tne isolated effective mainstream concentra-
tion, Ge (= weg - wy), anc the isolated effective
Nusselt number, NG, etc. via properly designed exper-
iments and then taking their product would not give
tne correct total deposition rate. C(ognizant of the
difficulty involved in determining the angular varia-
tion of the local, we, Tg and Nug, we have taken a




path that woula give a reasonable engineering predic-
tion of total geposition rates on our collectors,
minimizing the error within the constraints of our
experimental facilities.

¢.a. Tne Discnarge Coefficient of tne Burner Exit
wozzle

or our burner rig test conditions at flame tem-
peratures of 1500 to 2000 K and at Mach numbers of
aoout 0.3, tne Reynolds number range oI interest is
geterinined to pe between 1.5 to 2.0x10%, Exper-
jments under equivalent aerodynamic conditions require
carefully determined Reynolas numbers wnicn depend on
jet approacn velocities, U,. For the correct calcu-
lation of U_, therefore, first the discharge coef-
ficient of tne burner exit nozzle was experimentally
determined as a function of Keynolds number py measur-
ing the stagnation pressure of the jet stream at
ambient temperature for known mass flow rates of air,

2.0. Tne Fiturb} Factor ang the Mass Transfer
wusse Tt Number

TTTINTEGS. (1) and (2), Nug actually includes the
efrect of mainstream turbulence effect on convective
gitfusion mass transport; i.e., it can be expressed
as,

Nue = F{turp} Nue,]am (3)

where  Nug gy 15 tne Nusselt number for the laminar
mainstream and tne effect of mainstream turbulence is
factured out as F{turuj}. Stagnation point region
napntndlene sublimation experiments (29) for which

Nuy jap C€an pe theoretically calculated were used to
detérmine Fiturb} at various Reynolds nuimbers.

For tne Reynolds number range of our interest
abuutl by percent of tne total deposit is collected on
the Windward surface (-n/¢ < 8 < #/2) of ideal cyl-
inders in crossflow (2o). In our situation, because
the leeward (n/2 < @ < 3wf¢) mainstream concentration
of Lne species is less tnan tne windward concentration
due ty dilution, even a higher percentage of the total
depusit wili ve coliected on the windward surface of
gur collectors. Tnerefure, we divide our analysis
Lo LWy parts (d) tne windwdard section: tne primary
region wnich is treated aore rigorously by more direct
eaperimental information, and (b) the leeward section:
tne seconuary region for wnicn some justifianle
rationdl estimations were made. Geometric symnetry
allows us Delow to only deal witn angles for which 0
Lo

Fur tne windward section, after determining tnat
ter tne Re range of interest F{turv} is unity, we
vaper Lientdl ly veritied tne traditional Nusselt number
anyu lar dependence, i.e.,

3
Nue\e) = Nug }l - [I¥§?T] , 0<o< % (4)

Ly using tne naphtnalene sublimation technigue and by
expusing aifferent anyular fractions (e = /Y, %/6,
n/4, n/3) of the napntnalene cast cylinders of the
same gimensiuns as collectors., The details of the
experimentdl technique and procedure are given in
Ket. ¢h,

For tne leewara section, the angular dependence
of tne Nusselt number is obtained via an indirect
apprudcn. Because exposing certain angular fractions
of tne napnthalene surface is technically more diffi-
cult anu supject to greater experimental error, we did
full cylinger naphthalene suolimation experiments to
determing the perimeter averaged Nusselt number, Nu.

For tne Re range of interest, the full cylinder
experimental data agreea perfectly with tne Whitaker
correlation (27) indicating tnat the boundary layer
aeroaynamic structure is not actually affected by
mainstrean entrainment pnenomena, and that correla-
tions for “perfect" cylinders in crossflow to obtain
the mass transfer coefficient apply even to cylinders
of our dimensions. The leeward section Nupg angular
distribution inferred from the Wnhitaker correlation
gave a leeward stagnation point Nusselt number, Nuj,
which is in very good agreement with the reported
literature values (13,28).

Note tnat the subTimation tecnnique is an essen-
tial feature of our approach, as opposed to many other
neat or mass deposition techniques, to determine the
mass transfer Nusselt number and its angular varia-
tion. The reasons are two-fold: (a) the direction
of mass transfer (from surface to mainstream) enabies
us to exploit tne zero mainstream mass fraction of the
species (we = 0) as one of our boundary condition
regaraless of tne presence of the entrainment phenom-
enon (mainstream dilution effect), and (b) the experi-
inents were run under ambient conditions such that the
entrainea ambient air did not affect the mainstream
temperature (mainstream cooling effect). Tnerefore,
an isolated study of Nug independent of mainstream
entrainment consequences was possiole.

Z.c. Tne Cooling and Dilution Effects Due to
entrainment

ne approach taken to determine the angular vari-
ation of the mainstream cooling effect was to measure
tne angular variation of the surface temperature of
collectors made of different materials at different
Re's and T,'s. Independent of whetner the collector
was nign tnerimal conauctivity platinum-20 percent
rnodium or low tnermal conductivity alumina ceramic,
and irrespective of Re and T, within the burner
operation ranye of interest, wnen the normalized col-
iector surface temperature, (T{e} - T)/(Ty - Ty, was
plotted against angle, a “"universal" curve emerged.
We tnen assumed that the mainstream had the same nor-
malized temperature distribution ana derived the main-
stream T4e} after wmeasuring the hot gas tempera-
tures for Ty and Tj.

decause tne collector thickness was small com-
pared with its diameter, heat conduction is basically
along tne circumference (one-dimensional), The Biot
numbers calculated for the metallic Pt-20 percant Rh
collectors were typically around 0.5 (and larger for
ceramic collectors). Since aT's Detween the gas
windwara and leeward stagnation temperatures were
typically arouna 850 K, we were able to measure aT's
around 250 K petween the metallic collector windward
and leeward stagnation temperatures (and larger for
ceramic collectors).

In our analysis the mainstream temperature dis-
trioution is described by T{e} for the windward
section, However, for the leeward section of second-
ary importance an effective temperature, T) effs 18
used wnich is obtained from the integrai avérage of
the gas temperature distripution over tne leeward
section. Tne dilution effect is derived via the heat/
mass transfer analogy.

Tne overall approach described in tnis section
provides the rationale for the evaluation of the
integral given by Eq. (2) to predict total collector
deposition rates to within reasonable engineering
dccuracy.

—————— - . - I
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3. IMPLEMENTATION AND RESULTS

3.2. The Liscnarge Coefficient of the Burner Exit
Nozzle

The discnarge coefficient of tne burner exit
nozzle is defined as the ratio of the effective area
of the jet nozzle tnrough which gas with a uniform
velocity profile passes to the geometric nozzle area,
j.e.y

Pat ¢

0C = (5)
nozzle

The true jet exit velocity at ambient conditions can
pe obtained from the isentropic jet expansion
relationship, i.e.,

{y=1)/v
A
Vo = Y5onic ( * EE)

i/2
-2y (6)
L] Y-
wnere 4p = po - Pa aNd Ugonic = (YRT/M)L/2,
However, for a known gas mass }?owrate, M, using tne
igeal gas law, the effective nozzle area is given by,

RT, o
Aggs = RN (7)

We, tnerefore, used air at ambient conditions and
measurea ap and p. for each h. The direct
measurement of ap instead of p, greatly reduces
the experimental uncertainty invo?ved (cf. Eq. (6))
in determining U,. Tne Reynolds number based on
nozzle diameter is then calculated from

(m/0C)d
nozzle (8))

H

Re =

A plot of UC versus Re 1is shown in Fig. 3 where
tne error bars indicate the experimental scatter.
Note that equivalent aerodynamic conditions of inter-
est at flame temperatures (the same Re's) is gnly
tne lower end of Fig, 3 (2.0x10" < Re ¢ 2.7x10" where
Re is pased on the nozzle throat diameter) since we
were limited Dy the lowest possibie air mass fiowrate
at ambient conditions.

3.0, Tne Ffturby Factor and the Mass Transfer
Nusselt Number

The Nusselt number averaged over some windward
angle, 8, can be obtained from Eq. (4) as,

3
ﬁﬁ; = Nuy ’l - % [K;%ET] ‘. 0<eoc< % (9)

where the stagnation point Nusseit number, Nuy, is
given by (29)

Mg = FeturbH(1.14)Ret /¢ sc” (10)

Tne exponent of the Schmidt number, n, varies between
1/3 and 0.4 in the iiterature (7,27,29). Our experi-
ments, shown in Fig. 4 and ryn Tfor Re range of
interest (Re = 1.5 to 2.0x10%) where the angle of
expoged naphtnalene surface was about o = 5#/18
(~50"), indicate that (a) F{turb} is unity, (b) the
cubical relationship in Eqs. (4) and (9) is a satis-
factory aescription of the angle dependence of Nug,

and (c) experiments are witnin *+J percent of the theo-
retical values (Eq. (9)) 1f n = 0.35, consistent with
tne literature values. The details explaining the
experimental scatter as well as the calcuiation of the
experimental Nusselt numbers using the naphthalene
vapor pressure values reported in the literature
(30-33) are given in Ref, 25,

“Tne experimental perimeter averaged mass transfer
Nusselt numbers for fully exposed naphthalene cast
cylinders were compared to the Whitaker correlation
given by,

N, = <0.4 Re}/2 + 0.06 Re2/3>5cn (11)

In the Re range of interest, the best agreement is
obtainea again within +3 percent if n = G.38 (F{turp}
is unity), also consistent with the literature, The
full cylinder napntnalene subiimation experiments at
ambient conaitions verified tne applicability of the
wnitaker correlation for cylinders with our
aimensions,

Both the segmented (partially exposed) and full
cylinder napnthalene suplimatien experiments were
extended to higher mass flowral€s outside tne Re
range of interest, As shown in Figs., 5 and 6, the
quality of aata for full cylinders is better at higher
Re than segmented cylinders, because full cylinder
experiments are more straigntforward and do not
involve careful covering of the unexposed portion by

taping (see aetails in Ref. 25), In fact, tne full
cylinder experimental data was 5o reproducible that
tne uncertainty was entirely due to the precision of
the napnthalene surface temperature measurement, as
indicatea by the error bars in Fig. 5. The circles
and squares in Fig. 5 are actual full cyiinder Nusselt
numbers experimentally getermined as a function of
exposure time of naphtnalene surface to flow (duration
uf experiment), showing the linearity of napntnalene
weight loss with time. As a part of tne characteriza-
tion of our burner rigs in their full operation range,
we also determined the F{turb) factor by taking the
ratio of Nusselt numbers determined experimentally to
the ones obtained from correlations. As shown in

Fig. 7, both segnented and full cylinder data give
F4turby factors that could be described by a'single
curve within experimental accuracy. ({Note again that
the scatter of data for segmented cylinders is larger
at higher Reynolds numbers,) This observation is a
supporting evidence for the fact that Ffturb} is
angle independent around the cylinder and can be fac-
tored out from Nug Tam for our setup. However,
since F{turb} is dnity for our interest range, it
will be dropped from our treatment below.

A consistency cneck for the windward section
petween Eq. (Y) obtained from £q. (4) and the Whitaker
correlation (Eq. (11)) for full cylinders shows that
for equal Schmidt number exp??snts, n, the laminar
portion (proportional to Ret/¢) of the Whitaker
carrelation can indeed be derived from £q. (9) with
the same coefficient, 0.4, The same type of check
for the leeward section can be inversely applied tg
tne Wnitaker correlation wnicn has an explicit Re 13
tern different than tne Froessling relation (34) to
account for the increasing importance of the wake
region. Tnerefore, if one assumes the same cubical
decline relationship as in Eq. {9) for the leeward
section of the cylinder correspondgng to turbulent
separated flow proportiogal to Re?/ (a reasonable
assumption for Re < ~10° (35)), the leeward stagna-
tior point Nusselt number, Nuj, can be derived from
Eq. (11) (again for equal n's) giving




2/3

Huy = 0.160 Re sc” (12)

Tne coefficient 0.160 is consistent with the correla-
tion of Ref. 28 whicn proposes 0.171, and the experi-
ments of Ref, 13 wnLE? suggest 0.153 as the
premulitiplier of R 3, Therefore, based on aoove
analyses whicn are further supported by our own exper-
iments given in Figs. 4 and 5, we take Eq. (4) for

the windward section, and

% o<

(13)

Nue('O)- - NU] gl - L(l - 0)/(!/2)]31 'Y

for tne leeward section. Note tnat Eqs. (4) and (13)
assume that tne flow separates at ¢ = x/2.

3.c. Tne Cooling and Dilution Effects Due to Entrain-
ment

Anguiar dependence of tne cooling and dilution
effect due to entrainment is obtained by the method
described in section 2.c. Tne resulting curve is
snown in Fig. & wnicn is well fitted by two simple
parabolas:

Tto-T w46} 2
e ainb e 8 ]
70-T - — -1-0.33[(;72-)-] ’ 0<_9<_z'

amb 0

To = Tamo “o

T {ey-T w te} 2
g am & . 1-(3) 4042, Feogn
X - -
(1%)
Ti eff and w) derived from £q. (15) for the lee-
watd section aréd then given by,
T

= 0.50 (To + T = 0.50 w, (i6)

1eft ano!? “1,eff
3.a. Prediction of Deposition Rates

Tne temperature dependencies of tne tnermodynamic
ana transport properties pertaining to air and Na-
carrier species (i.e., Na, NaOH, Na»SO4, etc.) for the
windward section will be described Dy the simple power
laws (_Z_ﬂt;ﬁ)

peker = ol Teko Tl . 0coc} (17)
D sto) = Do[Té%e+/To]1'70, 0<eo< % (18)
setor = uglTeboH 11270 0coc} (19)

Lonsequently, tne Scnmigt numoer becdmes temperature
independent and for a fixed mass flowrate,

-0.35
NUtT gted) = Nué+T°+LTé+e+/T°j .

Oceo g %

(20)
If tne Jocal temperature and angular effects for the
Nusselt number are mutually exclusive and can be
factored out, i.e.,
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(21)

then Eqs. (17), (18), (21), and (14) can be sub-
stitutad in Eq. (2) to give

3: “windwards e
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Approximating the bracket witn the exponent by tne
first term of its Taylor series expansion and using
tne fact tnat Tamp/To < 0.2, EQ. (22) can now be
easily integrateam%o obTain the average deposition
flux on tne windward surface of the collector:

- "
J, twindward} = (0.68) j, (23)

decause the leeward effective temperature, T) effs, and
mass frection, wy off, are constant, after su65{1tut~
ing £q. (13) into Eq. (¢), the average deposition flux
for tne leeward section is obtained from a straight-
forwara integration of £q. (2):

- "
I, (leeward) = (0.75) 9 *Teffé"

(0.75) "*‘Teff"fﬁeff*

NuETeeduy opr  (24)

Note that if one assumed no entrainment effect for the
windward section and perfect turbulent mixing for the
leeward section (i.e., a step function for the temper-
ature aistripution given by [, for tne windward

and by for the leewara section), then Eq. (23)
woula also'read as

- "
i, 4windward} = (0.75) j (29)

~ Equations (23) ano (24) can now be used for each
of tpe nNa-carrier species like Na, NaOH, NaySOs, etc.
(multicomponent transport) to calculate the total
elemental Na flux to the collector surface wnicn can
then pe converted into equivalent NapSO4 deposition
rates., Because soaium is in trace amounts, sulfur
(from jet A-1 fuel) and oxygen (left over after com-
ouigion) are excessively available to form sodium
sulfate.

3.e. Comparison of Theory and Experiment

For the burner rig deposition experiments Na-
acetate dissolved in alcohol is used as the Na source.
Tne Na-acetate/alcohol solution is mixed with jet A-1
fuel in the fuel nozzle cavity and sprayed into the




combustor through the fuel nozzle to assure the com-
plete vaporization and chemical equilibrium of Na-
carrier species. However, some of the Na fed into the
system deposits on the inner wall of the cool end of
tne burner liner after the fuel and the alcohol burn
away. From chemical analyses we currently estimate
that apbout 25 percent of the total Na added is lost on
the liner wall and, therefore, the Na concentration in
the ourner exit combustion gases is effectively so
mucn less. Direct measurement of Na concentration in
the combustion effluent gases will be done in situ by
tne Na-emission spectrometry technique in the near
future., Tne collector located 5/8 inch from the
purner nozzle is rotated with a velocity much smaller
than tne jet stream velocity to keep the surface tein-
perature constant and uniform.

Predictions inade as describea above, including
also the tnermal (Soret) diffusion effect (only about
2 to 3 percent in our case), are compared with the
experimental deposition rates as shown in Fig. 9. All
tne experiments were run under the following condi-
tions: Ma, = 0.3, Re = 1,74x10%, fuel to air flowrate
rativ = 0.035, Ty« 1800 K. Tne prediction band
refers to 30 percent (lower curve) and 20 percent
(nigner curve) loss of total Na fed into the systenm
on the burner liner wall (estimatea at 25 percent,
resulting in a net 5 ppm sodium concentration witn
respect to the combustion air). Excellent agreement
is found between theory and experiment for the plateau
region, The disagreement above the melting point of
Na 304 (884 °C) is due to shear driven molten deposit
layer run-off from the smooth collector surface (1,
37) resulting in lower experimental values. It should
be noted that about 83 percent of the total deposition
is predictea to occur on tne windward surface of the
collector, Justifying our original premise tnat the
windwara section should be treated more carefully.

Tne chemical equilibrium calculations for the
conditions prevailing in the leeward section
(0 = 0.50 wy = =2.5 ppm Na in air, T| eff
= &:iﬁf(r + Tamg) = ~1050 K, p = 1 atm) Liing the NASA
CEC code ?gg) indicate that tne gas stream is super-
sdaturated (supersaturation ratio = 9x10¢) and Na S04
particles should condense. If the homogeneous kine-
tics is indeed fast enough for nucleation (based on
the estimates given in Ref, 3, tne critical sgpersatu-
ration ratio is expected to be larger than 10° for
these conditions), then the submicron particles formed
woulda pe transported by tnermophoresis (39-41). How-
ever, since the gas stream is cool in the leeward
section and tne gas stream to collector surface tem-
perature contrast, T,/Te, is not sufficient, one
would nardly expect any deposition on tne leeward
surface by thermophoresis.

A sinple experiment was designed to cneck if
there was any mainstream condensation. For tnat pur-
pose an inert segmented collector 20° on eacn side of
the lceward stagnation point (the rest of the cylinder
veing mage of silicon nitride ceramic) is used to
measure leeward stagnation point region deposition
rates. Deposition was indeed observed on tne seg-
mented collector and tne measured rates agreed well
witn wnat was expected from multicomponent vapor
deposition rates described above, indicating that no
condensation took place in tne gas stream. [t should
be noted that even if conaensation had taken place,
our predicted depositici rate would have been in error
vy a maximum of 20 percent.

4. CONCLUSIONS

Convective diffusion mass transfer (deposition)
rates to cylindrical burner rig test targets compar-
able in size to cross-stream jet diameter have been
determinea. The naphthalene sublimation technique
under isothermal conditions nas peen utilized for both
full and segmented (partially exposed) cylinders of
tne same dimensions as burner rig collectors to obtain
the angular variation of the mass transfer coefficient
on the windward and leeward surfaces. Because the
relatively large size of tne collector causes the
anbient air to be entrained, cooling and diluting the
mainstream around the collector, the angular variation
of tne concentration of precursor species and tempera-
ture nas also been determined,

Information availablie in tne literature on heat
ana mass transport for cylinders in cross flow and
impinging jets has peen extensively exploited. The
previously aeveloped chemically frozen boundary layer
multicomponent vapor deposition theory {3,4) has been
adaptea for a practical situation to handie corrosive
salt deposition rate predictions by making rational
assumptions ana reasonaole engineering approximations
with tne aid of necessary supplementary experiments,
Excellent agreement is obtained between the predicted
and experimental sodium sulfate deposition rates on
our burner rig collectors within experimental
unce~tainty.

Although the application is presented for a
specific setup in this paper, the extension/
yeneralization of tne metnhodology is certainly
ﬁoisigbe especially when combined witnh the study of
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Figure 3. - Burner exit nozzle discharge coefficient as a function of Reynolds number based on
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obtained by the naphthaiene sublimation technique as a func-
tion of Reynolds number (based on collector diameter) for the
range of interest.
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