NASA Technical Memorandum 87196

Experiments for the Determination of
Convective Diffusion Heat/Mass
Transfer to Burner Rig Test

Targets Comparable in Size

to Jet Stream Diameter

(NASA-TN-87196) EXPERIMENTIS FOR THE N86-18646
DETEEMINATICN OF CONVECTIVE DIFFUSION

HEAT/MASS TRANSFER TO BURNER ERIG IEST

TARGETS COMPAFRAELE IN SIZE TO JET STREAM Unclas
DIAMETER (NASA) 30 p HC AQ3/MF AQ01 CSCL 20D G3/34 05370

Gilbert J. Santoro and Siilleyman A. Goékoglu

Lewis Research Center
Cleveland, Ohio

Prepared for the

1986 Winter Annual Meeting of the

American Society of Mechanical Engineers

Anaheim, California, November 30—December 5, 1986

NASAN




EXPERIMENTS FOR THE DETERMINATION OF CONVECTIVE DIFFUSION HEAT/MASS
TRANSFER TO BURNER RIG TEST TARGETS COMPARABLE IN SIZE TO JET
_ STREAM DIAMETER
G1Tbert 3. Santoro and Sileyman A. Gokoglu!
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The app11cat1on of-a recently formulated vapor transport theory to
‘_pred1ct deposition réfes of corrosive salts from alkali-seeded combustion
gases of a small-capacity, high-velocity, atmospheric-pressure burner rig was
hampered by the relatively large dimensions of the cyliindrical deposit
collector compafed to the diameter of the combustion gas stream. The re]ét1ve
dimensions lead to a highly nonadiabatic combustion gas flow around the
collector and necessitated two series of exper1ments. .In the first series,
mass transfer coefficients were determined by utilizing the naphthalene
sublimation technique. The second series of expefiments determined the
dilution effect on the sodium species cBncentrations due to the entrainment of
"ambient air. This second series involved the‘measurement of the temperaturé
variatﬁon along the surface of the collector under steady state conditions.
Vapor deposition rates were determined exploiting this information and the
results were found to compare favorably with experimentally obtained rates.
INTRODUCTION

Atceleratéd blade and vane fé11ures can occur in the hot section of gas
turbine engines due to the deposition of corrosive salts resulting froh trace
impurities in the.combust1on gases (hot corrosion). This problem prompted the .

investigation of the deposition rates occurring on internally air-cooled,
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1nert,.cy14n§r1ca1 collectors in the cross stream of the-combustion products
of a smal]-éapac1ty,»hjghfve1ot1ty, atmospheric-pressure-burner.rig seeded
with sodium salts (1-3).

Our intention was to compare the measured vapor transport deposition
rates w1£h a recenf]y fo?md]afédsébmpreﬁéns1vé qhem1éa11y frozen boundary
layer (CFBL5.vapor transport thebry'(i;ﬁ). The original procedure for
introducing the contaminant into the burner rig consisted of air atomization
of various sgdium_sa]t sp]ut1on§ 1qto the combustor. This resulted in
inertial impaction of solution droplets onto the collector, preciuding our
‘intended comparison. To insure that the sodium species were-ent1rgly in the
vapor phase in the combustor, a:new procedure was adopted which tnvolved
physically mixing.a solution of sodium acetate in ethanol with Jet A-1 fuel 4n
the cavity of the fuel nozzle and spraying this mixture through the fuel
nozzle into the combustor. However, q1mensional restraints of the
experimental .set-up required additional .information because the size of the
deposition; collector was large (1.90 cm diameter by 1.27 cm high cylinder)
relative to the 2.54 cm diameter of the—combustion gas jet stream. The
minimum.size. of the collector is dictated by its internal air cooling feature
wh1th allows the.collector -temperature to be controlled anywhere from beyond
the dew point.temperature of sodium sulfate down to 500 °C while maintaining a
constant fuel-to-air ratio (constant flame temperature and chemistry of the
sodium species vapors). Were the collector totally immersed in the jet stream
(a "perfect" cylinder in crossflow situation), the mass transfer coefficient
would -be readily calculable and the local dopant species concentration would
be equal-to that in the burner exit nozzle. The dimensional re]at1onship
however results in a highly nonadiabatic combustion gas flow and a nonuniform
mainstream gas concentration around the collector due to the entrainment of
amb{éni air.'.Consequéht1y the local thermodynamic and.trénspdrt properties
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become angle dependent. This ahgular dependency necessitated additional
experiments td provide the mass transfer coefficient and the dilution efféct
of the dopant species in the mainstream as 1ﬁput to the CFBL theory.

A series of experiments to determine . the mass transfer coefficient were
performed utilizing the naphthalene sublimation technique. fhe dilution
effect was ascertained by measuring the temperature variation along the
surface of the collector under steady state cond1t1ohs. The d1scharge
coefficient of the burner exit nozzle was also determ1ned‘to provide values of
the jet approach velocities, i.e., to obta1n accuréte Reynolds numbers.
Finally, vapor deposition rates were measured and their values ;ompared w1th
those predicted by the CFBL theory. The analytical techniques employed in
this application of the theory, utilizing the transport paraMeters derived
from the experiments presented heré, have been reported in detail elsewhere
(6) and are only ouf11ned 1n this report for comp]eteness. The predicted

vapor depos1f1on rates compared favorably with measured rates.

NOMENCLATURE

A area

D - (Fick) diffusion coeff1é1ent
DC discharge coefficient

d  diameter

'F(turb} function descr1b1ng mainstream turbulence

J - deposition rate

N mass (deposition) flux

1 length

L character1sf1c length (diameter of cyl1ndf1ca1 collector)
M molecular weight

Ma " Mach number, U /U

. i ‘@, sonic

m mass flowrate (pUA)



Nu . mass_transfer Nusselt (Sherwood) number

Nue -1oca1 (efdependent) Nusselt number

P pressure '

R universal gas constant

Re Reyﬁo]ds number

Sc th@1dt number, u/(pD)

T _ absolute temperature

U( velocity : |

Y rétio_of heat capacity-at constant pressure to heat capacity at

constant volume

(4] angTe frpm the w1qdward stagnation point
M ' dynam1c‘v1§cos1ty of gés

P ' density o€ Qas |

w | mass fraction of fransported-spec1es

- averaged quantity

£} function of argument inside parenthesis

Subscripts:

amb ambient conditions
e local outer edge>of bounda}y layer
eff effective |
) 1eeQard stagnation posnt
0 windward stagnation po1ﬁt
w o at the surface (wall)
® - upstream infinity

EXPERIMENTAL PROCEDURES

Discharge Cogfficient of the Burner Exit Nozzle
The-cokrect‘calculat1on of the jet épﬁ}éaéh>ve1o¢1t1es énd,'théréfdré, the
Reyho]dé numbers requ1re5 va]ueﬁ for the diécharge coefficient of the burner
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exit'nozz1e. These va1ués were experimentally determined as a fﬁhct1on of
Reynolds number by measuring the differences between the stagnation and
barometric pressures. A pitot tube and sensitive differential pressure

(#2 psid) transducer were used for these measurements. Ambient pressuré was
recorded us1ng:a 0;20 psia transducer. The jet air.stream temperature was
measured with a éonfc temperature probe. The pitot probe and the sonic
temperature‘probe were attached one above the other on the vertical axis of a
three axes remotely contrb]]ed s1ide mechanism. Figure 1 shows the
dimensional configuration of the burner nozzle used in all the testing
repofted here.l Equiva]enf aerodynamic conditions at flame temperature,v(1.e.,
the same Reynﬁ]&; number) required mass flow velocities of about 7 g/sec Under
ambient temperature cond1t10ns, the lower sensitivity 1imit of our pressure
difference héasurements. The d1recf measurements of AP 1nstgad of the total
pregsure greatly reduced the uncertainty in caliculating the jet exit
velocities.

Naphthalene Sublimation from Cylindrical Targets

Two sets of naphtha1ene sublimation experiments were conducted, one set
in théh the entire cast naphthalene target cy11nder was exposed to the flow
(full cylinder experiments) and another set in which all but a predetermined
anguiér segﬁent of the surface of the target cylinder was covered by
cellophane tape. The exposed segment faced_the jet stream (segmented cylinder
e#per1ments). In both series of experiments the cast naphtﬁa]ene cylinders
were enclosed in a ;hall insulated tunnel attached to the exit nozzle 6f the
burner so as to maintain near equal temperature between the jJet stream and the
am51ent air, (within 0.5 °C). The full cylinder tests provided the data to
determine tﬁe ber1meter-averaged mass‘transfer coefficient, while the
;egmented cy]iﬁder tests y1e1d¢d data to obtain the angular dependénce of the
" mass transfer coefficient by varying the angle of the exposed.surface segment.
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Sublimation cylinder construction. The construction particulars and rigid

tolerances duplicated those used by Sparrow et al., (7), except the overall
dimens1ons were scaled to our requirements. The photograph in Fig. 2(a) shows
the hardware used and Fig. 2(b) shows the test assembly with the cast
naphthalene compénents in place. These compongnts 1Ac1ude the target element,
the upper and lower guard sectioﬁs which flank the‘target element and are
themse]veg flanked by aluminum sections, and a base section for attachment to
the rig. The ént1re assembly 1s'he1d together by a center rod screwed into
the base and fastened on top with a knurled nut. The overall length was
1ﬁtended to represent an infinitely long cylinder with respect to the Jet air
st;eaﬁ d1ameter from the burner rig. The cast target element dimensions
dup]jcéted thbse of the ﬁqllectors employed 1in the deposition runs. Each |
guard eleﬁent provided a naphthalene surface 1.90 cm high by 1.90 cm in

- diameter. The function of the guard elements was to eliminate the effects of
axial interactions as discussed by Sparrow et al. (7).

Naphthalene casting procedures. A casting procedure described in Ref. 7

was followed to produce the naphthalene target and guard elements. A
cy]1ndr1ca1 brass sleeve was si1pped 6ver the respective element to serve as
the outer boundary and create a mold cavity. Molten naphthalene was then
poured into the cavﬁty fhrough a small hole in the upper face of the element,
the pouring operation being facilitated by the use of a funnel. The air
d1sp1aced‘from the cavity escaped through a second hole, also equipped with a
funnei. Once the naphthalene had solidified, the element wa§ readily
separated from the sleeve by applying pressure from below. The inner surface
of the sleeve had been lapped to a mirror finish and the finish of the exposed
surface of the naphthalene was of comparable quality. Each completed cast

cylinder was placed in its own storage container designed to minimize the



inner air space and this 1imit the loss of naphtha]ehe by sublimation during
storage.

Sublimation testing procedures. Each test run was initiated with freshly

cast naphthalene sections. The assembled cylinder was removed from 1ts
storage container immediately prior to insertion 1nt6 a 20.3 cm diameter by
43.2 cm long insulated tunnel which was attached to the exit nozzle of the
burner (see Fig. 3). The cylinder was secured to a shaft extending through
the wall of the tunnel, thus positioning the cylinder so that 4ts targét
element was in the same position with respect to the burner nozzle as the
collector would be in the deposition runs. Then the cast cylinder was
shrouded by an outer concentric tube. The.tunne] access door was fastened
shut for the remainder of the operation and the desired airflow rate
established. When the temperature of the air jet stream and ambient air in
the tunnel was equilibrated, the shroud was lowered thereby exposing the -
naphthalene to the airflow. Equilibration was considered established when the
reading of a prec1§1on thermometer in the combustor of the burner was within
0.5 °C of that of an identical thermometer located in the tunnel. The ..
smallest scale reading of these thermometers was 0.2 °C. The length of time
the naphthalene was exposed to the airflow was 1imited so that the recession
of the diameter of the target element would not exceed about 0.3 percent of
the initial diameter, an amount which can be neglected. Thus the initial
diameter was taken as the characteristic dimension in subsequent
ca]cu1$t1ons. To accommodate this restriction, the interval of exposdre.'
varied from about 5 min for high flow rate; (approximately 21 g/sec) and
temperatures (approximately 25 °C) to about 30 min for low flow rates.
(approximately 7 g/sec) and temperatures (approximately 19 °C).

Upon completion of the run.the cy11nder was removed from the tunnel,
replaced into its storage container, and a fresh cylinder was placed into the
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tunnel. The brocess was repeated until four cylinders were exposed. The
amount of mass transfer was determined by d1fféfenc1ng the weighings made of
the target section before and after the run. These weighings utilized an
electronic balance with a smallest scale reading of 10'5 g. Prior to actual
sublimation testing, handling and storage weight 1o§ses of the target element
were found to be within the precision of the balance, this includes the time
spent within the shroud at max1mum airflow and run time interval.

The testing procedures for the segméntgd cylinder experiments were
equ1va1ént to the full cylinder experiments except that prior to the initial
weighing, the target section was carefully taped so as tozexpose only a
windward angular segment of naphthalene surface. The exposed surface was
centered on the stagnation point. The precise arc length of the exposed
naphthalene was determined by careful]y measuring its chord length with a

caliper, where

1
wd -1 chord
Varc = 7go° S0 (l d > (1)

The reproductibility of the data was segment angle dependent,ibe1ngnbetter for
large angles. Thére were two contributing factors for this dependency. First,
less weight loss could be permitted to occur at the smaller angles and still
maintain the allowable radial thinning of the target. The second factor was
due to the perturbation of the boundary layer flow around the target by the
ends of the tape (at the tape end-naphthalene Junct1ons$. At the stagnation
point we estimated the boundary layer thickness for a Reynolds number of
1.5x104Ato be about a factor of five times the thickness bf the tape
(approx1méte]y 70 um). This factor increases as a function of distance from
the stagnation point because of the increasing thickness of the boundary layer.
Thus, both the percentage of surface naphthalene affected by the tape edge

perturbation and the percentage of the boundary layer perturbated, decreased



with increase 1n,fhe angle of the exposed naphthalene segment. We found we
could gather acceptable data at segment angles of >40°.

Angular Variation of Collector Surface Temperature

The eﬁtrainment of ambient air around the relatively large deposition
collector resulted in cooling of the mainstream temperature and d11utioh of
the sodium dopant species concentrations. An indirect approach was taken to
determine the angular variation of the dopant species concentration.
Experiments were done to measure the aﬁgular»var1at1on of collector surface
temperatures. The collectors were fabricated of materials with different
thermal conductivities and exposed to different combustion gas temperatures
under steady state conditions at different Reynoids numbers. When the
normalized collector surface temperatures were plotted against angle for the
burner operating range of interest, a "universal" curve emerged. The curve
was independent of collector material, Reynolds number And approach gas
temperature. We then assumed that the mainstream had the same norma11zed
temperature distribution and that this distribution reflected the dopant
species concéntrations relative to their concentrations as they left the
burner exit nozzle.

Surface temperature varjation was measured fof both Pt-20 percent Rh
collectors, normally utilized in the deposition runs, and alumina collectors
of identical dimensions. The position of the collectors with respect to the
exit nozzle of the burner were identical to the position of the deposition
col]ecfors in the deposition runs. The internal cooling a1r'feature of the
collector was not utilized. The collector temperature was sensed by'a
thermocouple embedded in the wall just below the surface of the collector.
The angular position of the thermocoupled collector was varied with respect to
the direction of the jet stream by rotating the shaft supporting the |
co]]eétor. A scale attached to the shaft and a pointer attached to the table
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of the burner indicated the angle of rotation, the zero angle being the
" windward stagnation point where thg thermocouple directly faced the combustion
gases.

A typical run consisted of setting the collector at the zero angle,
allowing the burner to come to thermal equ1]1br1um'ét'the desired burner
pressure and fuel/air flows, measuring the combustion gas temperature with a
sonic temperature probe, swinging the burner into position to heat the
collector, recording the steady state collector temperature, rotating the
collector to the next angle, recording its steady state temperéture,
continuing this procedure for a11-ang1es from 0 to 180° 4in both directions,
swinging the burner out of the heat-pos1f1on and finally rechecking the
combustion gas temperature. The burner parameters were then changed (new mass
flow and gas temperature) for the start of another run. In this way angular
temperature variation data were gathered for Reynolds numbers from '|.4x104
to 1.8x104 and gas temperatures from 1700 to 2000 K on both the metallic and
ceramic coliectors.

Vapor Phase Deposition

The deposition runs were conducted as described by Santoro et al. (2),
except for the method used to inject the sodium salt solutions into the
combustor. In order to eliminate the deposition of molten droplets as
occurred in the previous methdd, i.e., to insure that the sodium species are
entirely vaporized in the combustor, a dilute solution of sodium acetate in
ethanol was pumped into the fuel nozzle cavity to be mixed there with the Jet
A-1 fuel. The salt solution pump was a diaphragm type whose stroke length and
frequency and the back pressure on the system (fuel nozzle pressure)
determined its delivery rate. The mixture of fuel and sodium acetate-alcohol
solution was sprayed through the fuel nozzle, mixed with swirling preheated
air (140 °C) and burned. The volume flow ratio of alcohol to fuel was 0.05.
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Figure 4 1s a photograph of the detached back flange of the burner housing
showing tﬁe fuel nozzle and the fuel and alcohol inlet ports. The
salt-alcohol solutton fliow rate was determ1néd by the rate of decrease of
solution volume in its 500 m) graduated cylinder reservoir. The smallest
reading oh the graduated cylinder was 5 ml. .

Some of the sodium fed into the burner deposited as the acetate on the
_ fhner walls of the burner liner (5.08 cm diameter) at its cooled end. Also a
negligibly small amount was found as sodium sulfate on fhe hot end of the
Tiner and on the throat of the exit nozzle. From chemical analyses of the
deposit on the liner, we estimated that about 25 percent of the total sodium
injected was extracted from the combustion gases, yielding a corrected typical
sodium concentration of 6 ppm with respect to the-a1r'mass flow of 25 g/sec.
Other typical operating pérameters are: 30 min run fimes, Mach number of 0.3,
Reynﬁ]ds number of 1.7x104,1fue1‘to air mass flowrate ratio of 0.035, and
combustion gas tehperature of 1800 K. The Pt-20 perceht Rh collector -
temperature was varied from 600 to 900 °C by means of its 1nterna1'a1r
impingement cooling feature. The dimensions of the ;o]]ector were 1.90 cm in
diameter and 1.27 cm in length. The deposit on the collector in all cases was
essentially sodium sulfate resulting from the excess presence of sulfur
impurity available in thg fuel (0.02 to 0.06 percent). Frequent cleaning of
the combustor l1iner insured that salt deposit build-up would not become so

thick as to shed the deposit back into the combustion gases as particles

incapable of revaporizing during their short residence times in the combustor

-and large enough to inertially impact upon the collector.

1
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REDUCTION OF THE DATA AND EXPERIMENTAL RESULTS

Discharge coefficient data reduction and results
The discharge coefficient of the burner exit nozzle is defined as the

ratio of the effect1vé area of the jet nozzle through which gas with a uniform

velocity profile passes to the geometric area, i.e.,

A
_eff (2)

DC = A

nozzle
The {isentropic Jet expansion relationship can be applied at ambient conditions

to obtain the jet exit velocity

(y-1) 1/2
" ‘ AP\ " v 2
Uy = Uson1c (] * Q”) -1 y -1 (3)

where AP = P. - P- and U_ = (YRT/M)]/Z. For a known gas mass flow rate,

] © sonic .
m, using the ideal gas law, the effective nozzle area is,

=~

T

v ]
==
Pl

A = (4)

eff

®
We measured 4P, P and ‘m under ambient conditions and at equivalent
aerodynamic conditions of interest at flame temperatures (same Reynolds
numbers). Measuring AP 1nsfead of Po greatly reduced the experimental
uncertainty as confirmed by an error ana1y§1s.

Figure 5 1s a plot of the discharge coefficient as a function of Reynolds
number. Data was accumulated at Reynolds numbers well above the range of
immediate interest to the problem. Note that the Reynolds numbers are given
with respect to the diameter of the throat of the burner exit nozzle. Thus
the Reynolds number range of interest with re;pect to the nozzle (2.0 to
2.7)x104 in Fig. 5 differs from that with respect to the cylinders uséd in

the sublimation and deposition experiments (1.5 to 2.0)x104.
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Sublimation Data -Reduction and Results

Iﬁ the sublimation experiments the mass.transfer coefficient was not
affected by the entrainment of ambient air as its temperature and the
temperature of the jet stream were kept to within 0.5 °C. Thus the
'sublimation of naphthalene from the target cylinder was dependent on the Jet
stream temperature. | |

The measured naphthalene weight change data from both the full and the
segmented sublimation runs were reduced to their,reﬁpect1ve dimensionless

average mass transfer coefficients aé follows. 1In the basic mass flux

equai1on, '

e W * oy (5)
The following substitutions are made, ©, = (pnaph/Pm)(Mnaph/M)' |
D = w/(pSc), and L = d where P ~ 1s the vapor pressure of naphthalene

naph

at the prevailing temperature, M is the molecular weight of naphtha]éne

naph
and M s the mean molecular weight of gas. Multiplying through by A, the
area of exposed naphthalene, and rearfanging yields,

(3)(Se)(P_) (M) (d)
(A (W) (P (M

Nu =

naph

where (A)(j") =} is the measuréd target weight change. In addition to 3,

the barometric pressure and ambient temperaturesAwereVrecorded. P was

naph
obtained from the published tables (8-11) at the measured ambient temperature.‘
The segmented cylinder naphthalene sublimation data collected within the
Reynolds number range of the deposition experiments allowed the determination
of the effect of mainstream turbulence. fhe details were presented by Gokoglu

and Santoro (6). Within this Reynolds number range, it was found that

mainstream turbulence did not affect heat and/or mass transfer rates.
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The experimental mass transfer‘coeff1c1enfs were compared to correlations
for cy11nder—1n4cfossf10w situations. Two correlations were used; the

correlation by Whitaker (12) for the full cylinder,

W5 = (0.4 Re 2/3, . 0.38

1/2 ) sc (7

+ 0.06 Re
and the modified stagnation point Nusselt number describing the stagnation

point region for the segmented cylinder (6)

3y

o . 178

Nue = NUO 1 - 4((ﬁ>) ‘ 0<ec<
2

Nuo = 1.14 Re]/2 Sco'35 (9)

(8)

N

where

Recall from the experimental procedure section that the anqgular dependence of
the mass transfer was'derived from segﬁénted cylinder sublimation experiments
wherglarEA]engths of the exposed naphthalene was expre;séd by their subtended
ang]és. Nhat_wa§ actua]iy measured then was the average mass transfer over
the angles of the exposed naphthalene. Thus the equation representing the

angular relationship,

Nug = Nu_ [1 -<(§ ) ] 0<ec< % (10)
?)

must be integrated to yield the average values encompassing the ségments of
Aexpgsed_nabhtha]ene for comparison with the exper1menta1_data. The
1ntegrat10n of Eq. (10) is Eq. (8). ’

The qua11fy of data from full cylinder tests is better than from segmented
cy11nder tests because of the influence of'the tape on the boundary layer flow
as explained ear]jer; In fact the full cylinder data was so reproducible that
the uncertainty was entirely due to the precision of the n;bhtha]ene
temperaturé measurements. Figure 6 represents experimental résu]ts from scme

of the sublimation runs, where the mass transfer Nusselt number is given as a
14



function of Reynolds number for full aﬁd segmented (e = 50°) cylinders.

Also shown are the correlation equations, Eq. (7) and (8). 1In the Reynolds
number range of the deposition experiments (1.5x104 < Re < 2.0x104), the
correlation and experimental data are in agreement, 1.e., the "perfect"
cylinder 1nvcrossf10w assumption is applicable here in spite of the fe]ative]y
large collector dimensions with respect to the jet stream diameter. Thus the
aerodynamic structure inside the boundary layer was not altered by the
entrainment phenomenon around the collector. At h1ghér Reynolds numbers,

F¢turb} given by

Féturby = Nu (experimental) (1)

- Nu (correlation)
_becomes greater. than unity as indicated by the divergence of the experimental
and corre1at1on curves.

Angular Temperature Data Reduction and Results

From tﬁe angular surface temperature measuremeﬁts on metallic and ceramic
cylinders exposed to the combustion gases of the burner rig, a normalized
surface temperature distribution was deriyed that, within the burner oper&ting
range.of 1nterest,.was found to be independent of combustion gas'temperature,
Reynolds number or co]]éctor conductivity. We assumeq the same distribution

describes the gas temperature variation around the collector, 1.g.,

[Tey - T 46} - T |
- 1 1
T, - T, |7 | - ()
i 0 collector 0 gas :
With the sonic temperature probe we also measured the leeward (T]) and the
windward (To) stagnation point gas temperatures. The leeward stagnation
point gas temperature was determined by positioning the sonic temperature
probe at various distances downstream of the collector along the centerline

and ex*rapolating their values to the leeward stagnation point. The

measurement of To (gas), of course, did not require the presence of the
15



collector. Thén .T(e) (gas) 1ﬁ Eq. (12) was calculated at eéch angle. A
properly reduced gas temperature distribution was in turn gengrated from the
calculated T¢o6) (gas) values and set equal to the properly reduced mass
fraction distribution of the sodium species via the heat/mass transfer

analogy, assuming turbulent mixing

T¢6) - T © (6} -
amb e
[T -7 ] =[w ] (13)
0 amb gas (4]

Equation (13) is plotted against e 1in Fig. 7.

Deposition Rates Data Reduction and Results

. The experimental data gleaned from fhe testing described in this report
has provided a11‘the 1nf$rmat1on redu1red to apply the CFBL vapor transport
theory to fhe deposition rate data from our burner rig experiments. The
analytical technique developed for this purpose‘has already been reported by
Gokoglu and Santoro (6) and includes the multicomponent nature.of the prdb]em
by céﬁéiderfng the dominant sodium carrying speciés and the thermal diffusion
and var1&b1e'pr0perty effects due to steep temperature gradients. In general,
the procédure consisted of integrating the local mass transfer (depos1t10n)"
flux equation with each term within the equation expressed by its angle and/or

temperature dependency.

21
3= ot L pef TetO)) = DT (01}) « Nuto, To(o}) + wyto) « do

1 .
L (peDeNueme) (14)

Notice that an approach directed at obtaining the isolated effective

ma1nstre$m concentrations, aé, and the isolated effective Nusselt number,

Nue, etc.,’wodld not give the correct total deposition rate as the average

pf<théwproduct,1s not equal to the_prodygt of the averages, i.e.,

1 - - = — =
L (pEODe'Nuew)e) # L'pe'De'N_Ue'ue
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The predicted depos1t1on rates derived from the analytical technique
~described. by Gokoglu and Santoro (gj are compared with the experimental rates
in Fig. 8. The experimental data were reduced to the following set of
conditions: Ma_ = 0.3, Re = 1.74x104, fuel-to-ajrflow rate = 0.035,

To = 1800 K. The predicted band refers to 30 percent (lower curve) and

20 percent (higher curve) of total sodium fed into the system lost on the wall
of the bdrner Tiner (estimated at 25 percent). The reduced net sodium
concentration for f1g. 8 1s about 5 ppm with respect to the combustion gases.
Excellent agreement is found between theory and experiment for the plateau
region. The disagreement abqve the melting point of sddium sulfate (884 °C)
has been found to be due to shear—driven molten deposit layer fun-off‘from'the
smooth collector surface (1,13) resulting in lower expef1méﬁta] vaiUes.

For the Reynolds number range of the deposition experiments,
(1;5—2.0)2104, the windward (-w/2 < 6 < w/2), fraction of the‘depos1t is -
expected to be about 65 percent of the total deposit for an ideal cylinder in
crossflow. The windward fraction Reynolds number dependence for an ideal
cylindrical target in crossflow is given in Fig. 9, which 15 a mod1f1ed
vers1onlof the deposit distribution figure presented by Gokoglu and Rosner
(14). Instead of the best fit curve used by these authors, we have
substituted a curve based on Eq. (7) and (8), the ratio of mass transport

averaged over the windward area to the perimeter averaged mass transfer, i.e.,

176,

1.14 Re'’? (0.75) (A/2) ) (15)

Windward Fraction = ; = (0.94 + 0.14 Re
R (0.4 Re'’/2 + 0.06 Re?’3) ()

Equation (15) assumes that the effect of Sc 4s negligible on the ratio.

Th1svmod1f1cat1on of the original figure affirms the suitability of the cubic
decl1ne;re1at1onsh1p describing the angular dependence of mass transfer
coefficient on the windward surféce of a cylinder (Eq. (10)) to represent
exper1henta1 heat/méss transfer data. Just as the total amount of dépos1t is-
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affected by the dilution of the mainstream dopants due to the entrainment of
ambient air, so is the d1str1but10n of the deposit on the surface'of:the
target. The dilution causes the leeward (w/2 < © < 3%/2) mainstream
concentration to be less than the windward concentration therefore an even
higher percentage of the total deposit should be collected on the windward
surface. For our experimental set-up the windward fraction is calculated to
be 83 percent of the total deposit, a_s1gn1f1cant 1ncréasevabove the 65
percent value for the ideal crossflow situation given in Fig. 9.

CONCLUDING REMARKS

Vapor deposition rates were experimentally determined on an internally
a1r-1mp1ngement cooled cylindrical collector lTocated in the crossflow of the
sodium-seeded cqmbust1on gases of a small-capacity, high-velocity burner rig;
However, the collector dimensions, by virtue of its internal cooling feature,
were comparable to (although less than) the diameter of the jet stream of. the
burner, causing entrainment of ambient air resulting in a highly nonadiabatic
gas flow around the collector. To predict the vapor deposition rates for |
comparisdn with the test data gathered from this set-up, experiments were
required to determine the angular variation of both the mass transfer
coefficient and the concentration of the sodium species in the gases around
the collector. These experiments have been described in detail. The
predicted deposition rates were found to be in excellent agreement'with
experiment. Thus the CFBL vapor deposition theory has been successfully
applied to a nonidealized experimental arrangement which incorporated the high
velocity gas flows characteristic of gas turbine engines.

Additional information resulting from these experiments include the
following findings: (a) The aerodynamic boundary layer structure was not
gffected'by‘the entrainment phenomenon, (b) The mainstream turbulence factor
was unity within the Reynolds number range of the deposition test parameters,
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(c) The mainstream turbulence factor could be represented by a §1ﬁg]e curve
for both segﬁented and full cylinder data, (d) The cubic decline relationship
éxpressing the angle dependence of the mass transfer coefficient proved
suitable for our data and the experimental data of other authors, (e) It 1s
'pred1cted that not only the amount of deposit but the deposit distribution on
the collector should be significantly altered by the dilution of the
mainstream sodium species, therefore, the uﬁndward fraction of the deposit
should be larger on our cylinders than on cylindrical targets totally immersed

in the combustion gases.
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Figure 1. - Thin wall convergent burner exit nozzle used in all the experiments
in this report. ’
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Figure 2. - Naphthalene sublimation cylinder hardware.
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Figure 3. - Insulated tunnel used in sublimation testing.
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Figure 3. - Concluded.
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Figure 4. - Back flange of bu.ner rig detached from burner housing
showing fuel and alcohol inlet ports, fuel nozzle and fuel nozzle
cavity.
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