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A STUDY OF
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1, ABSTRACT

The fundementel importance of the study of tur-
bulent mess trensfer is demonstreted and the efforts of
past workers exsmined, The necessery gpperatus designed
for this work is shown snd discussed 1n detail and ell
ms jor experimentel ;rocecdures sre sresented, Theoreticel
considerstions involving the derivstion of the expression
glving the numericel velue of the "eddy mass diffusivity",
the deduction of tiie generel nature of the expected data,
and the relationship.bf the letter with fuo formor, sre

mede,
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 EDDYX MASS DIFFUBIVITY

2, INTRODUCTION

The marked and well-known 1nrluenée of turbulence
upon th§4tran5port of mess, momentum andvheat in & flowing
streem has been the object of much investigstion,

Because of the extreme complexity of behsvior of
turbulent flow in the microscopic sense, workers in tne
field heve turned to mecroscoplc metrious of cescription,
wnose charecteristics ere more ecesll, controlled end observed,
It wes ressoned by Kerman (1) that tuoe trensport of eny pro-
perty in turbulent flow sho:ld be enslogous to.tnat in lemi-
nsr flow (i,e,) by moleculer trensport, Thus the mecroscoplc
concepts of eddy diffusivity of mass, wmomentws, cnd heat were

evolved end deflined reagrectively es follows:

N - i

» "'A'I'n' - - (D +Em) '('a%n" ‘ o0 enenssosy (E)
N (s ) du) |
A = Tgc - (-Z/"'é) dy seesvensst e (b)
N S .
—ﬁ' - % - - (OQ"'EH)d(C&JT) ‘ sossssvsrece (C)
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The general method used to determine the eddy dif-
fusivity of a property has been to eliminate carefully the
transfer of at least one of the remaining two trensferable
properties, In the case of momentum trensfer studles it is
possible to eliminate both of the interfering mechanisms,
dowever, in the present work, whlle it is possible to pre-
vent heat trensport, the necessity for regarding the simul-
taneous effects of mo-entum transport 1s scknowledged, Tils
faet hes been surprisingly 1gnored by ¢ number of previous
investigétors. The following review of tie 1it¢reture will
gerve to illvstrete tire difflculties whic! -ere enco ntered
and the ressons wiy more and be:ter date are needed,

T.%, Sherwood wes emonr the first to investigate
the role of turbulence in msss transfer, ils first work,
done in colleboration with B, B, Wocrtz (2) consisted of
pessing e turbulent étream of sir t:rougi e rectengular duct
(5.3 em x Al cm cross-section) furnished with ovne well wetted
witn weter snd en opposing wall wetted with concentrated
aqueous Cell, solution, The concentration tradieﬁt of water
vepor scross the duct was measured by & bank of nickel sawpl-
inp tubes treversine the duct et one arbltrary lonmltud nel
wo8ltion, The elr stréaw_&eynolds numboer range was glven es
3610-102,000, Since this work wes one of the first attempts
in the field 1t 18 to be expected that some of the relevant

variables were ignored or unknown st the time, For examle,
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a gomponent materisl balance for s small volume element within

the duct would show that Cm is dependent ﬁpbn the veloclty

profile and the longitudinel veriation of concentration &t

a specified_distancé from the well, as well as the transverse
concentration gradient, In additibn, the quentitlies wiich
were measured sre questioneble for several reésons (1,e.) the

wetted walls had en unknown effect on the velocity proflle

" and on the genersl cheracter of the flow; no adequste up-

streem calming length was provided so that the velocity pro-
file in the test sectlion wes not fully developed; and the alr
velocity in the upper 3/l of the iz, range definitely caused
rippling of the water film &nd probably even entrainment,

Also in 1939, Sherwood and Towle (3) described an
alternate method which measured the turbulent aiffusion of
C0, or i, Into an alr streem flowing in & circular pipe,
The COp OF Ho was injected into the center of tue alr stream,
70 plpe dlameters downstrean of the air inlet, by a very smsll
nozzle biilt into an eerofoll Section which completely tra-
versed the ~ross section of the plpe., <Care was taken to in-
ject the diffusing mas at a velocity equal t- that of the alr
at the center of the.duct(&tf&magl Concentration traverses
were 1ade with a bank of samplihq tubes simlilar to those of
Woertsz (2) at positions downstream of the aerofoll ssction
of 3.6, 6;8,.9;8 and 11,4 pipe'diameters for & pipe of 30,5
cm_diaﬁéter; and 0,37, 0,52, 0,71, 0,89 end 1,0 dlameters for“

a plpe of 215,2l em diameter, The traverses were made over
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the central third of the duct, with eddy diffusivitles being

c;lculated from center line concentrations only, The data
showed, that €m increased essymptotically downsiream from
the injector tube, and, & lack of rsdisl syrmetry in the ducﬁ.
In interpreting their data, the Wils~n integratlon (l4) for |
heat transport from a constant point soﬁrce on tie axis of
a tube to & uniformly flowing fluid in thet tube, was used,
As was pointed out by Klinkenberg, Krajenbrink end Lauwerier
(5) the conditions for the use of this equation reguire that
the amount of solute gas injected at the source be so smell
so es not to upset tie uniformity of tne flow, Unfortunafely,
e vniformity of the flow was upset by a combination of t:e
sbove mentioned factor and ti:e physicel Interference of the
gserofoll section es is readily seen fronm the dsta, It should
also be pointed out that tie use of the “llson intesration
demands the flow field in question be lsotrople and hovogene-
ous, towever, in turbulent flow in closed condilts ¢ tur-
bulence 1s not isotronic and/or homcpeneous,

In 1953 Schlinger sand Sage (&) publlsned an- account
of thelr work Qnich was described as "e part of an investiga-
tion of the combustion of natural gas and air". Jatural fas
was exially injected from a 1" copper tube into & streem ol
eir flowing in a 4" 1.D, copper tube and concentration gradi-

ents were measured at 11 downstream positions, No calming

section preceded,the;p61nt.of'injection so that the concen-
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tration gredients determined were highly questionable, Velo-
city profiles were not measured, These workers were Interes-

ted only in solving a problem specificelly connected with

the system used and not in determining the radisl distribu-
tion of eddy diffusivity, which they essumed to be independ-
ent of radial position in thelr correlation witi gross velo-
city,

Lynn (75 in 1953 completed wark for a thesis whlch
was similar to that of Scrlinger and Sage (6) except that tne
* : ‘ : E solute ges wes introduced #s en snnulsr strean at ne wall of
‘the s&lr duct, A glance at tue ,bofiles e obtained for €m
() show that the alr streau could not .ave been In fully

developed turbulence since the profiles viry in a disordered

‘,;
i
i
K
&
53
=
i

feshion with lonzitudinel position, It 1s felt that Lynn wes
probably nnsuccessfnl in exactly atehin~ tne'velociLies of
the two streams so that unpredictsblrs secondary effects do~i-
nated his results,

The work of Lin, Moulton end :utnam (9) demonstr:tes

the use of interferometric métunods in messuring concentration
urofiles near solid walls, The flow path used was rectane-
gular (1-1/L" x 3/4") and a calming lengtu of 6 equivalent
diameters <§%ﬁ:%_ was provided, Frandtl (10) apd Nikuredse

{ ' (11) have demonstrated the unpredictable nature of the flow

in noncircular conduits, They observed flow towerd the cor-

ners and away from the sldes of thé condult, Tris gecondary

motion was superimposed on the longitudinal fluid motion."




:
4
H
;

AN g

S R oy ST BT R T

To

Hane, the cholce of & rectangular flow path wes a poor one,
and 1t explains the observations mede by these anthors con-
cerning the presence of turbulence within, the laminer sub-
layer, In sddition, the assumption was made that concentra-
tion gradients, measured at polnts downstrean of the tegine

ning of the test sectlon greater than 6 equivalent diameters,

' were uniform, This seemed to allow the calculation of dif-

fusion coefficlents purely from concentration gradients, and,
the photogrephs of the profiles presented msy, et first
glence, support the sssumptlon, However, 1t should be noted
that the longltudinel distance observed was so small (approxi-
metely one millimeter) ss to meke nuentitetive deductions
concerning srofile uniforwity impossible, Further, materlal
bslance considerations point out that tue only uniform

{steady state) gradient possible in e closed-sﬁstem is t:ue
zero zradient,

In 1956 Schwary end Hoelscrier (12) descrlbed thelir
experiments with o wetted-wall coiuwwn In which the alr Iliow
was turbulent, £ secrlons draubacw in Lae use.of wetted ﬁall
columng is the limltetion on the ?aﬁge of W,. possible, walcen
18 demonstreted by the fact thet the meximum Wy, actiev~d
without rlppline of the detergent denatured water Iilw was
25,000, This value of N, wss the only one used, The authors
arranged & flsred entrance for the wetted-wall colurn into
which was centered the end of the 8 ft, calming section,

Although this procedure wes necessary in order to ¢llow water

to be removed from the test section, 1t ceused a deleterious
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and unpredictable effect on the flow conditlons, &s would be
expected, since part of the constraining boundery was re-
moved,

In 1958, Dhansek (13) published a description of
some work which was essentislly o repetition of that of
Sherwood snd Woert, (2), He ingenlously revlsced Woertz!'
wetted-uall with water-sosked sreen billierd felt glued to
the duct walls in order to ell«inste ri- -1ing, owever, he
states thet at times parts of tuls felt "well" were observed
to be dry and that at other tlimes water wes entralned by
the air strea1 (this was cantured at the air outlet enu ape-
prouriate corr<ctions were meade), Sinée nis condltiorns, data,
end treoretical analysis ure the sane os those used b Suer-
wooc end Woertz (2), they sre subject to the same ~riticlsvs,

More recently, !lenrstty et al,, (1) conmi@ted en
elerant study of point sovrce turbnlent diffusion In a vioe.
The apparatus nsed, with the excevtlon of some very definite
refine-ents, was essentially'that of Sherwoo. and Towle (3).
The Wilson integration (L) wes used in tresting the dats
(sas before) in conjunction witn Taylor's (15) statlstlcal
deseription of homogeneous, isotroplc turbulence, Tie non-
isotropic, noniomogeneous character of pipe flow 1s ceknow-

ledged by the authors,
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3, DESCRIPTION OF APFARATUS

General: Ses Figure 1

A, The Annulus is composed of a 15 foot upstrea-

calming section, & 5 foot test section and an £ foot downe
gtrea= calming section, thus ensuring fully developed, un-
disturbed turbulent flow et'the test section, The core of
the test section, while having the same dlameter end belng
intimately Joined to the cores of the two celning secéigns,
1111 heve been coated with & 1/16 incin layer of nepathalene
by a procedure similar to tre operation of an 0liver rotary
filter (with vacuum ectlon being reulaced by slov crystalli-
zation of molten nachthalene), |

B, The Sa—plines Apparatus »ss been arranged to

obtein polint velocity ypressures fpr trne determination of
velorlity dlstribution in tre snnulus, A standard imuact tube
fabricated from hypoder~ic tubing (0,0M2 in, 0,D,, 0.0075 in,
wall) 1s used for tnis purpyose, A micrometer feed meciisnism
wlll reproduclbly nositlon the impact tube in tne auct té

+ 0,001 in, tressure readings will be teken from a precise
.micromanometer accurate to ¢4 0,0002 in, wate. [or veloclity
pressures less than 0,2 in, water, and 4 0,001 in, water for

the 0,2-2l. in, range, (See 3,3).
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BQUIPMENT LAYOUT

5
;
0 :
&
&
&
:1
&
i
G
4
¥
i
q
i
i
2
i
&
;

A Blower, 2000 cfm cepacitys Ax Entrelnment remover
B Surge Tank, 12 £t3 with finged Meaters.
T Upstresm Celming Seetion, {? ft.

5 Test Section, 5 ft.

T Downstream Calming Sectionm, 8 ft.

¥ Orifice Meter ~ |

% Impact tube with micrometer feed mechanism.
T Micromenometer ,

T Catelytic Oxidation Furnace

¥ Gow Mac Gas Analyzer

K Rotsmeter

L Vacuum Tank

¥ Vacuum Pump :

T, Thermocouple to potentiometer.

T, Thermometer |
v, V, Vs, Flow Control Valves,

Av

- | | \\\_\\\\\'\*\"{
. : | a - | Laboratory Floor "
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G, Continuous Stream Analysis will be performed in

a previously calibrated thermal conductivity gas enalyzer,

The sample gas mixture (air » nephthalene vepor) sucked through

the impact tube probe, will be passed through a 20 inch long
cylindrical tube packed with Al,0, grenules and heated to

900°F, The exit gas mixture (CO,, 7,0 end eir) -1ll be desi-

TR T I .
T T R o

ceted snd subsequently compered in the enelyzer to e desic-

AR

ceted semple of reference eir teken from tre system, Stoi-

chiometric considerstions point ont the greest sdvantage of

this metrod, o
D, Alr Supply from e nlgh cepeclty blower (2,000

c.f.m,) will be brought to tewperature via two banks of firned
hesters, one stesm hetted end t.« otuer electrically ueated,
contained in » sultable tank immedistely downstreem of tue
blower, Temperature will be wontfolled by & rieostat cormecied
to one of tne electric iestrers, 1The sir -w88 rate wlll be
controlled by tne blced valve (V,) et t.e blswer outlot, #nd
V,, A portlon of the heated air will be pessed through the
inner core in order to’minimiza thermel gredients in the sys-

tenm,

3.1 The-Annulus
a8, Materlals and Fittings

Quter pipe 3" Standard :xtruded Aluminum pipe

Inner pipe 2" 0D, 0,125" well, round Aluminum tube

The core, as well &8 the outer shell, ansistsof tiree sections,
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15 ft,, 5 ft, and 8 ft, ih'length. The outer shell is joined
by Victaulic fRoust+A-Bout" couplings'so'that constant annu-
lar cross'SecﬁiOniis assured, The mating faces are perfectly
square with respect to the longlitudinal exis of the pipe so
that the flow conditions of a4continuous gnnulus will be ap-
proached as closely ss possible, ‘'he core sectlons are con-
nected by simple precisely machlned sleeve joints &s s:.cwn in
(Figure #2) which deplcts the connection of tie test section

core with & calming s ction cors,

Figure 2,
- /? iyl .
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b, Outer Shell
Concentration profiles will be taxen gt -eight dif-

ferent positions slong tie flve foot test section, The spec-

ing will be as shown below,

@%L4+é%m%t»e¢"4. /2° 4‘5”1 é*- ;4L44%Lf
A B c D , P c' B' A
& =
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It is well known ﬁhat the existence of an sperture
in the condult wall will significently affect established flow
paetterns, To avoidzthis, it will be necessary to use four |
inditiduallouter walls;.each heving an eperture at one of the
four positions A, B, C_of D, rositions 4', B!, C!' end D!
mey then Le obtained by rotating the pipe gbout its longitudl-
nel center, In order to =minimize les:iage trrough the eper-
tures, o packing glend will be used to accommodete the impact
tube (see Figure ;3 below)

-

‘ Figure 3, A=
g . :
; : is
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Stetic pressure taps were made diemetrically op-
posite the_pitot tube onenings in the smnulus, The holes
were made mecording to the rigld specificetions stated by
Folsom (16), "A true square-edged hole without edge burrs,
flush with the inside pipe wall, end with & depth of cbnstant

crogs section for at lesst two diemeters, provides an accur-

ate piozometer when there are no ﬂuid swirle or crosaflow,

A slight rounding does not change the reading of the plezo-




meter‘and 18 easler to produce than a sharp edge without burrs,”
To comply with the foregoing, s 1/16" D hole was drilled per-

pendieuler to the pipe well snd ell burrs corefully removed

with steel wool, Interruption of the cross section of the hole
was avolded by mekine no direct tap connection to the pipe 1t-
’ ) | \ ' L é self, Instead, & gasketed conmection formed from e 3" length

» of 3,5" I,D, pipe (so es to,fit anugly over tie 3.5" 0,D, test
section pipe) cut along its longitudinal exls, wes used, lhe
necessary compression fitting wag'attacned .nly to tue cover

pipe, whien wes subsequently uscd tc sondwlicn piece of soft

R L e A Ere e e ST 7

rubber, 1/16" thick equip.ed with & 1/8" D hole, egainst tie
test section pipe, Tue eussembly was t.en ueld togebier wlti
yorm-geer type hose clemys,

To fecilitate rerlece-ent of test section cores end

3 cuter snells, & 5 ft, lengt: of the outer sreil lma diately
%- downstreem of tie test section wes repleced »iti & sultable

g length of heasvy duty rubber hose of 3.%“ I, huving & smooth
i

% inner wall, This rubber shell, secured wit: worm-gear hose

clamps, mey be moved vertically (after loosenins tue nose
clemps), thus exposing tre annulus core, <The core support
jack may then be lowered, irselng tne core lengin ussoclated
with the pubber shell end ellowing the necessary replacements
to be made,

3,2 The Sampling Apparatus

A piﬁot tube fabriceted from standard hypodermic

tubing wlll remove air-naphthalene,samplesyfrom the annular
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streem, The rate of removal will be controlled by vacuum
(See Fig, 1) and will eorrespond closely to the velocity of
the stream at the point of measurement, The tube will be
positioned in the duct with the gid of the micrometer feed
mechenism (Figures I, 5, end 6), The "sampling apparatus"
will also bevused to establish complete and precise yel&ﬁity
profiles, Caiibrﬁtioh of the 1mpa¢t.tube'to detefmine the

megnitude of the coefficient Oy of tue impact tube equation

Voo = Gy [ 28, (Py - Foo) wes unn: cessary, accordlng to

P T ———————

Folsom (1€).

Intimately related to tie semplin; sppuratus <re
J 5 B

the hlgn rrecislon lcromenometer end the Streem snelysls

Syste-, described below,

3,3 The Vieromenometer (Flgures 7 &nd 7)

This instrument is a null-rending liydrostaztic de-
vice with sn esccurecy of + Q;OOO? in, "50. TIts desiogn is
gimiler in principle to thne genersl description glven :n
(17) of Frendtlis instrument (reputed to r.ve an cccuracy
of ©,001" H,0) with & number of refinements, ‘Ihe scc.racy
18 increased in tae low range of pressure differentisls vie

the use of & dlel gage whici reads to toe nearest 0,0001 1n,

~snd a 100 power microscope with crossnair eye piece to uid

in locs:ing the meniscus,
The device 1s essentielly & U~ tube menometer wilth
one moveble leg, The reservoir (A) 18 attached via 8 screw

(10-32) mechenism to a centlilever beam brazed to & collar
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yhich in turn slides verticclly on the steel shaft (B), Con-
nected to the reservoir is a plece of plééﬁic tubing (C),
.providing the linkége to the inclined (20:1) glass caplllery
tubing (D) which 1s part of the rigid leg of the (J - tube (i),
The inclined glass caplllary tube will contsin the meniscus
of the ménometer flvid (G,u,,SF-R1(50) Sillcone 0il) whose'.
;position is determined with the eld of the mleroscope (1)
to 0.0001 in, of verticel lelgut br (3) tec dilsl ege, for
distences up to 0,2000 in,, end to Geutl in, of verticél
heig:t sy-(d), the inside micro:eter need, for distences up
to 24 in, |

srlor to operation, both wressure connectlons
(kg end fq) ere vented; the reservolr lowered to its minirnum;
the position of the -enlscus in the inclined tube noted snd
recorded by the position of tne mlcroscope crbssnair;_rnd
tne corresponaing zero_reedinas noted on bote the dlsel gege
end micrometer head, When e pressure clff:rentiel is syplied
(totel he:d at tie rigld leg opening end static .ieed st tue
reservolir), the reservolir is reiscd antil tie meniscus re-
turns to its original posltion, .ence we nave & null resding
system whici: is unaeffccted by caplller; end ieniscus errors
or by eny possible inconéistencies of tue inclined tube,

3,1 _Stream Analysis Systen

‘1, The naphthalene-alr uixtires removed with the

sempling probe will be passed through s catalytic

oxidetion furnace (Pigure 9).




|
i
|
i
‘\
‘- |
g
N -
- . . q— ame— —— ——— ————— - _-F\NQ_ —-
"'--‘-"—."-“'T - Ll H r | ?_:__:
s\.'_?__‘_L_________—__ ————— ..J——-.
T T T T T T T T T T T T - ]
= o= 1 I 4o " _— =1
= ""’*—l.-_l_l___.__._.___1_.._._._.____.____1_1__,_ d—
- - ‘-< ‘ /8 " ,‘,”
- 24" -
A
:e%, l-;.(..@:.;. +— ﬁ"'& j
| | |
* i
b g . |
= [ ) 4
)

e

4”0, D, STAINLESS STEEL TUBING—

L A , ' -~

~.
———

RESISTANCE STRIP HEATER .
HELD 8Y HOSE CULAMPS

|"0D. STAINIESS STEEL TUBNG

Yol — s
R B NEETE A + X




it
i

;
3
|
%?
2
%{. ;
3
b
b

S

The atq}ghioﬁetry is as follows:

WG”,H3~+ 12 [0, + 3'76"K{L“" 10 €Oz = 4 H,0 4 12(3.76)¥,
Suppose the concentrstion of napi:thelens in eir
entering the furnace is 9210 ppm; then:

Basis = 1 1b, mole entering ges mixture

compound in formed or consumed out
Ciollg 0,00921 # mole 0,009210 | 0,0600
0, + 3.76 N. N.99079 0.110526 0, BR026M
00, | 0.0000 0,092105 0,092105
1,0 0415070 0,036842 0,03681.2

1,009211

.302 - U.(')92105J. x 1016

91. 264 pun
10006)211 Ly Dl PPN

Ce the edventages of snelyzing for G0, in Ieu of ne:htoelene

sre s follows:

() Any error In snelysis for €0~ 1s ‘educed by

9219
01260

g fector of

{b) A thermel conductivity gas enelyzer "sv be vsed

= 0,10091 1n terms of nepihtialens,

to give results to witin y 2 pem €0, or 40,2 ppm

naphthsalene,

(¢) Jelibration of sny instrument is fer- essier for

00, - elr mixtures than for naphthelene - air mix-

tures,
(a) The,instrumeht necessary for directnnéphthalene :

detection, & U,V, analyzer, was highly priced at

$3‘500,005 \ - | N




3. Gélibration of .the analyzer for CQgﬁ- gir mixture at

1 atm, totel pressure,

Gas mixtures of €O in sir will be made end fed
to the thermal conductivity éna1yzer,equipped with o8 re-
corder, The following system will be used to make the gas

mixtures,

it

Needle Valves
a,b,c,d

To ] To High
‘Manometer Vacuum Pump Accuracy
Pressure

_Gauge

Siﬁqe 0, end Wy cavse virtually the same resciion
_in the thermel conductivity an&lyzér; 002;- H2 mixtures will
suffice for the calibration.
rROCEDUﬁE:

1, The receiving cylinder and lines are evacueted,

2, Ny 18 fed to the receiving cylinder to a

pressure of one atmosphere,

C0, is fed to the recelving cylinder st a

pressure such that at the final pressure(total)

of the mixture, the coa-Canentratioﬁ'is
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10% or 100,000 ppm. Np 1s fed to the cylin-
der until the finel total pressure is attained.
I, Subject the receiving cylinder to & lerge
temperature gredient across its longitudinal
axis with a dry ice - acetone beth or neating
blahket for approximately six fiours,
5, dxtures of lower concentration &re pro-
duced from thils first nigh pressure mixture
by dilutlon with Np (steps 1 to lt)

Calibretion will be spot-cirecked before each run,

3,5 The Surge Tenk - (Figures 10 end 11)

The surge tenk houses two banks of finned resters,
one hested by steem end the other heated electrically, The
steam bank is‘ccmposed of three independent finned tubes
each having s_rinnedwlength of 22 inches, The electricel
benk Las two 500 watt heaters, and inbee 250 watt heaters,

each being independently controlled, Une of the 250 wett

5heaters 13 connected to a Variac to allow fine tempersture

regulﬁtion. The reeder méy consult Appendix A for the design
¢onsiderations involved,

The obvious function of the surge tank 1s aided by
the presence of thé converging section, The outer shail is
pertially supported frbm above by standard pipe supports,
while:the core 1s supported by an adjustable jack, When the
test section core is to be chenged, the jack 18 lowered t§
permit removal and then readjustéd for the new core. ~ Inme-

dlately downstream of the eonmerging section, 4 synmetricelly
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| placed straightoning venes (fashioned from sheet aluminum)
serve also to position the core 6f ﬁhe annulus, These vanes
12" x 7/16"™ are rectangular in shepe and are held rigidly

by the milled slots provided on the inner core, A plece of
28 mesh stainless steel gauzé placed in the flow path at the
base of the converging section effectively reduces still
further the turbulent fluctnstions caused by the blower, Tre
exyplanstion of this actlon 13 trat large-scale eddies sre re-
placed by a larger number of uch smallﬁr eddies, wirich are
known to deca, much wore rapldly, T:oe deslgn and locetion‘
of tihe gauze are sccording to ;aterial presented by renk-

hurst (1f),

3,6 Casting Apparatus

Iwo tec:ninues were consldered by the autnor:
Casting in a pre-cast, iard, smooth plaster mold,
Casting via the operating method of the Cliver f1lter
(with veenum sction renlaced by slow cr,stallization
of'moltén naphthalene),

The reasons which led to the selection of metr.od

- (2) are now summarized,

A thickness of 1/16" of naphthalene must be cast
on the core before every run, The cast coating snould be
as dense as poasible and the absence of air pocketé mast

be essured, Method mumber (1) would consume too much time.

and would not guerantee reproducibility, Since the mold
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" must of nebessity be made In two halves, great pains would
rave to be taken to remove parting line flash while maine
talning a perfect circular cross section, Method (2) is

described below (See Figure #12),

Molten Naphthalene

Figure 12,

connections welded:

Rectengular body, 3" steel,

Naphthalsne chember, 1/8" steel sheet,
- Stesm 1nlet nole,

Steam outlet,

Teflon Bushing (self lubrication, won't scratch),
Mate to.D.

Drain for molten naphthalene,

Hinged clamp, 2 required,

Knife(Blade, equipped with electrical strip heater,




PROCEDURE:

Melt naphthalene; clamp core into place and pess

steam torough 1t,

Set imife edge, fctivete striy neaters on inife

to a te-perature of 02°C,

Begin rotatioﬁ and cut off steam to core walle
continning to pess steam to the chamber to weep

the naphthalene.molten. Fass cooline water throusgh

core,

When the costing has reached full thickness, ellow

molten Hephthalene to run out while malnteining

rotation,




ly, PROCEDURE AED THEORETICAL ANALYSIS

.1l Procedure:

The forthcoming deta will consist of velociﬁy.and
concentration profiles of the annular streaw aﬁ el ght dis-
tinct longzitudinel positions within the test sectlon,

Before taking sctual date, 1t will be necessary
to determine empirically the ;ate‘of cuange of core dla-
meter with time at some arbitrsey turbulent Heynold's num-
ber (say 72,000) snu at an alr temperature of 709C, The
exposure-time perlods will evolve fren ex.erlence &nd tue
dlsm eter nessurc-ents made to the unearest 0,.01" using &
micrometer caliper, The resulting chenge in dianeter versus

time asta 7ill gid in deter=inin~ the maximumynumber of

noints on & varticuler concentr tion wrofile whieh ~ay be

tecen ¢urins eny one run, FPrellminary calenlations (See
Appendix B) show a radial loss of ~ 0,007 %%ﬁ , calculated

for tre worst possible conditions, The following is a dese

cription of a typical polnt concentretion run:

With valve Vq (Figure #1) closed, V; end V, open,
tiie blower is turned on along ritn the predetermined number
of surge tank heaters required to heat the air to approxi-
mately 70°C, measured at temperaturs point T,. Air at 70°C
will thus flow tnfough the core only (for at least 0,25 hr,).

Turn on vaecuum pump M,
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With the naphthelene bed et temperature, the im-
pact tube and feed mechanism ere instelled, It will be
necessary to prei.est the test sectlon outer wall znd the
impact tube with electricel heating tape and e necting lamp
to prevent undesireble crystallizatlon of naphthalene,
In order to prevent contamination of tue analysis system
with nephthelene, N, from a commerclal cylinder will be
back flushed slowly from the Gas Analyzer exif nort througi
to the impact tube nntil resdy to take date, It 1s under -
stoéd that the long-needle control valve at the vecuum
tenk will heve been set previouslv. |

At thds polnt, Velve V3 18 opened wide snd V, 1s
closed, Tne two valves sre now nanlpulated ¢3 qulckly &8
possible (for about one minute) to obtain the sesired orl-
fice ~eter reading ¢t pdint F, Finel sir temperature ad-
justments (tempfrature voint T1) ere m de via t..0 surge
tank rﬁeostat prior to stoppling the N2 backflush in the
anelysis systenm end cutting in the pre-set suction ;ead'frow

the vacuum tang,

The mumber of readinzs taen for a particular | 0
profile at any one time will of course Gepend upon the ap-
proximete rate of ~hange of core diareter with time and the

maximum allowable error tolerance, whicn will be governed

by the reproducibility of the date., The suthor will not.
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attempt. to meke an error analysis at this time because there

exist a myriad variables in the system as & whole, whose

approximete range of variation 13 unknown,

i,2 Theoretical Analysis

The derivation snd solution of the differential
equation deseribing the physical situation within the test

gsection will now be shown,
paa

FLDW, DIRECTION

BULK

The Hquation of meterial balance for the element 8NGWI,....

for Naphthalene, Input - Output = Accumulation -

Asgumptions

1, PFicks first law (N, = - D mags of A )
' A7 AB V Ca erese x time

holds and molecular diffuslon in the radlel

direction only need be consldered,




2, The physical properties of ,the flowing
stream are constant,

3, Steady State

i, Bulk Flow in the szimuthel ( @ ) and

radial direction does not occur,

(ﬁ (Urlrasaz - Sa U rerssoz) - (ﬁne%ﬂk ~$ho a’agr;"mu\ VY
+(-PA(U3125V03 .—fAﬂ/éli+AZ ArpS) =0

now, since DS = Vo

(91 ﬁfr_/rV 2042 -V, lricw (irsor)0602) - (s ‘%%‘IJAOA:! -943%%‘/1%%%0’)[\9&\2)
+ (Bi N/EIZY'AFAG N0 lz«:z IQ)V_AG\ =0
divide by VY naeoraz

(.’?1/‘/;‘{?— ﬁ%lrﬂr-—ﬂv‘dmg)_ Lo 'CLI ono Hor—aom ar IHA")
oy
(24/{/'[2 B/V/uoa) =
Let AV awd &2—0

“?Fﬂfﬂﬁ-—‘r-P’w + )rg)ns G UBM%% - '—ﬁ"‘f? =

This mey be written sas

L (arvr) + S (e %) 5 Sove=

Now. ﬂm}; and _ﬁ’UE are 1ass fluxes:.ﬁgfu’r ls
tne flux due to radisl eddy diffusion (see assump-
tion li) while ,P,,UE 18 the axiel flux due to bulk

'flow‘.




Re~writing Eq, I

M%\ﬁﬁ——rarr‘[ ﬁi +9A035C‘F]
By definition

Na=-€ )5%. = eddy mess flux; \PA";CA Ma

. o+ We may write
. - _ . 3
da, 1 35 CaMy vz =+5r rle +.Bud] &

Unfortunately, there exlsts no analytlcal solu-
tion to wquation III, Therefore, rn syproxi-ate ethod
wlll be used,

The left hand member of uquatlion III may be
found experimentelly - cell it "1"; exrandlnm the ripht

hand member:

‘%[(Eh@m)%cf: Mr ar 3£" r(€+o948ﬂ==Q

[(E"g"“) + 3(€+Saeil +‘(€+o94433 _;r“ =

&
Since, at any glven ¥ ‘);Cﬁ snd ‘%,g‘i‘ maey be celculated,

we have an equetion of the following rovm:

6[&(6-&.913) +i§_€FﬂA_B)] +D (€ *09;16) =~‘Q ‘

—Leiﬁig) +D(€+-&16) Q@

E)C(E “’BA:B); + B

- - d_ge;ﬂaé). + (e+.eg’gfacéo) -9
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An integrating factor for this linear first arder equation

SR sgey

is £ =2 . Multiplying Gquation IV by this

factor gives

d(€+8 D
_Qﬁﬁﬂ?r[%—ﬂgl_‘__ﬁ_c&i_(e{-&m)} =%__Q_E%'2'r

(e om0 =% 2™

integrating % BCiR

CG+3AB)I,Q- Ll +k

Q 2y
(e +ﬁ4_,3)' ;Q,A%Br = @BC+D Q— /(

( +Pn) = 5 +k2

If it is assumed tnat 6 tends to zero at the

naphthalene - alr interface, we way find "k"
et r=€=hr,e—0
09/4:3 = ec+b *k—Q
' %m
k =[Bne “%‘5 L
\ ] [ ] _BCto
(e+Bus) = BewD *’ Fap ‘@Fﬁ) ﬁ¢p %7“‘ anpl”TBC

E = —[%3-5‘?@48 *’[ Ap_’_Ir_."T"_S «Q"LP[
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finélly,-‘
. € =55 B+ [Bo— o) anp [-B (1)
| N e
wheres B = 3r af I
cs L
D :'%5%*'Q+Y‘

) 3‘9&2&”’,97/; NA A

Juantities "B", "D" and "Q" are cll easily
caleilated from the data, via difference formulae, In par-

2Ca_ %;k_
ticular or and r~ are cele lated fro- t e radlial con-

centration nrofiles and/UgA¢g%£§'from trne longitudinal con-

centration profiles, _Fortwnately, t= calculations are sucii

tnat trey say be programned ior a dlgitsl computer,
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As an aid to the further discussion of Equation V,

I now show the expected general shape of the concentration

profiles for an arbitrery turbulent Reynolds number,

T SECTION BEGIN

The concentration of nap.tuslene in the alr at tre core wa.l
will reach a constant equillbriun value Cp% (1,e.,) moleculsr
diffusion controls close to the interface since 1t is gencr-
ally accepted that the flow in this reglon approaches the
~leminar regime, As one proceeds down the test section, the

obvious occurs and the highly ordered situation at longl-




. tudinal position I glves way to the increasing rendomness

of the downstream positions, It should be noted that the

slope'of the profile at the outer well, enywhere In the
test section, 1s zero - this must be true beceuse t.cre
can bé no transfer of mass through the boundary,

Je now return to & further look at equation V--
does the exvression conform wlth presently acceﬁted facts?
First, substitution of r = r , results in Giz 0, en sssump-
tion forced upon thie equestion es a boundary condition,

Second, 1t was shown sbove thet &s r, is approached,
%é%&”>0, As exvected trerefore, ejuation V results in en
indetermin&te value for G;as r->7r, (1{6.)'this.result is
also obtalnsble f.om the defining expression for E:, namely,

NA - - Q'QEQ
ar °




m

Y/

5, NOMENCLATURE

area of flow path

%ﬁ? at r

L
r

concentration of nasphthelene et f,-mdlés per unit volume

concentration of naphthaelene et tne eir-neppthalene inter-
face,

=C
A et

molecular ¢iffusivity of napnthalene In air
moleculer welght of napntiialene,

transfer of property per unlt time,

d '
SE_ CAMAvi gt r,

redial disten-e from longltndinel axis,

radiel distaence from longltudinsl sxls to outcr surface of
core,

radlel distance frorm longitudinel exis to inner surface ol
outer shell,
bulk point velocity at r,

molecular diffugivity of neut -
del operator

eddy momentwn diffusivity

eddy diffusivity of heat

eddy mess diffusivity

kinematic viscosity
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\EZ Concentration of naphthelene = CAMAv mass per undt
' ’ volume,

4~ sheer force per unit area,.
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APPENDIX A |

AIR HEATING REQUIREMENTS

'The following table wes constructed es en ald; semple

calculations eppear below the table:

Heét Required ~ Wattage Required
Inlet Rate BTU/min, K W
To Tenk, Alr In Air in Air in Air in
i) ££3/min, at 90°F gt 8QOF at 9Q0OF et QQOF
10,000 3540 h249 1943 04755 04860
20,000 71,6 5.6 945 1.51 1,73
110,000 13,5 172 197 3,03 316
50,900 179 21l ohT 3,77 le35
60,700 21 256 29l 1,51 5.18
72,500 260 (mex) 311 358 5,16 6430
N W
. : ' Alr out st
Semple Celculstions: : 1500p
Froperties of air at 15FOF
4 = 0,000013) 2B
B ———— f{ sec
P = ——-—————'—l/;;i‘ Nt - .k-)-
\' Rep
e . P(Mog, 1,327¢ _1.327(29492)
R(t°F + 159,70 = t 4 U597 = 617.7
'_3_0 = 0,061 1b/£t3
= 2. 00000013 g,cn0z00 £EE
— A N, 0601 . sec,

For Ngo (mex) _ D.eq U

Dega=D, ~-Dy =3_.2=11n, or%éft

= K. = _ 0
| €(32 -2 )/M = 181,5 L,

o sec
NRe !max) - ("i") (181,5)
| o.goozoq = m

<
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For Heat Required at Nye (mex)

‘ot BoOF, £ _ 1.327(29.92) _ ¢ 0735 b/ft3

5140
260 £83 x 0,0735 by x 0,24 BIU_ (158-80)°F - 358 BIU
min £t3 " 1bOF - 228 min,

For Wattage Required st Npe (max)

358 BTU/min,
* KW

The power rating st the Greduste Laboratory'(BO'amps,
120 V) is too low to hendle & 5 - 6 K4 load, Consequently
her:ing will be accompllshed mostly by asteem heated finned

tubes,

A quentity of old refrigeretion finned tubing wes found
in storege snd the fluned ares por 11neel inch wes measured
es 29,2 in 2/inch. The hest trensfer coefficient wes found
ver; syproximetely using Fim, 17-26, p. 510 of "Fluid Dynsrics
end ileat Trensfer" by rnudsen end Katsg, ihe value wes found

to be ~u 10 EEEL_TT__.
hp ft<0l |
A numbe - of mentel trisls with the eld ol Lhe .esting

teble resulted in the followlng prrengecment !
3 independent steam tubes of 140 B"‘i’Lﬁ cevaclty

and
A group of clectricel rimned heaters whose combined cepacity

equels one steam tube,

For length of steam heeters required

100 BTU/min,
BTU L hr 1fte x (212-80)°F

Ares in 1n? -

| e £t29F * 60 min, 1) 1in2
ppea = 655 1n :

| 655 1n? - 22, in
Length red’Ce = 5555 1n2/incl




For Electrical HeatersQ(Chromalox brand)

o 21U

IOné steam finned tube has 8 capécity of 10 I

or ~_ 1,75 K4, The charts found in the Chromelox Cetalog

were used to slze the heeters cs follows:

: w - N yyv .
ggg w}' SiF - 21, IRCN SHuATL, 120 V

250 W
960 Wl S-F - 12, IRGH SIHATE, 120 V

250 W

1750 Watts




APPENDIX B

CALCULATION FOR EXFECTED RATE OF L0SS OF

" NAPTHALENE FROM COR& SURFACE

The leminer sublayer on the nephthaslene core provides
the prestest resistsnce to mass trsnsfer so that the rela-

tion deseribing rete of loss of solld is

lg
hr

£t
£t¢/hr,
1p/et
For O~ ¥,- ft,
Gillilend's equetion for diffusion rnoefficlents becomes
& - 29.25(T)3/2 x 10 -6 T - temp, OR
7 7 - vressure, ctm,
At the concltions chosen for tals wor., T = 15”OF.

end 5 = 1 etmosohers, A= 0,306 £t/ hr,

d C
P S
or =

The concentration sradlent in the leminar sublayer will |
necessarily chenge along the test s~ction, being greatest
st the beginning of the test section, The gradient et this

point will be used for the celeculation since it constitutes

the worst possible case,
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The thickness of the laminar sublayer, f, decreases
with incressing Reynolds number, as shown in (lg), It 1s
seon;that at Npy o 85,000, the highest for this work,
4~ 0,003",

The concentration et the solid nephthalene surfece 1s
essumed to be given by the vapor pressure of tne solld at
the chosen conditions, (20) gives e value of 1,68 in 1in Hg,

np
Hence tie surfece concentration is E??% - 6,11 x 10 -3

mole nephthelene
mole eir 4 naphthslene.

At the beginninr of the test seetion, the concentration of
nephthelene gt the outer edge of the laminar subleyer is zero,

$ince J 1s so smell, C = £(y] may be considered linear

4c ) ac - 6.h_1 x 1\)_3 -0 ‘rmole ﬁﬂpk:ltjﬁ&lﬁﬂ@)x 128 1b, NEE
end dy = Aoy 0,003/7; (mole ?txtur‘e 1b mole Nap

1 1b wwole sir

151 £t3

ene/1't3 mixture
ft,

-
3

7,26 1b naphthal

0 i A £t 1b nespnthalene o

/) (7,26 re. ar £te

In terms of volume, since §>Naphthalene ~ 0 b

Il

§'_: - 2,22 (1 ft3 > - - 0,031% ££3 naphthalene
70 1b / ~ hr fte

The exposed surface eres will shrinic with time, but tie
initisl areas will be considered es the s:blimetion sres 80
thet tre ceslculation will give a high result,

- %y 1 : - ft2
Surface Aree =77 L*ﬂ?’(ﬁ) (5) = 2,62 "~ 3 navatbslens
¥ = (- 0.0318)2y62') = - 0-0832 T hr,

and




In terms of radial loss,

)"- ‘,fina12]-5 0,0832 %3.

0.0832 _ 5 00530
s |

0,00695 - 0,0053 = 0,00155

0,0l:10
"initiel - Prinsl = -g:gﬁ%g - 0,0h23 ft/nr
023 12 in
x Sr———
£t

r initial - rfine‘:l - 0,516 111../:.1r

or 0,008L"/minute




| - )
| ' < (2)

(3)
()
(5)
(6)
(7)

(8)

(15)

(16)

39,
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