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ABSTRACT.

This paper describes the experimental. measurements of the
time averaged velocitiesvof gases in a field of variable composition
and témperature. The convenfional theory of hot wire anemometry is
extended to‘include the effects of both naturai and forced convec-
tion to gases having varieble fluild properties. Observations of the
fully developéd turbulent velocity fields in the presence of moder-

ate mass transfer rates revealed no significant effect of mass trans-

fer on the velocity distribution.

* .
This work was done under the auspices of the U. S. Atomic Energy
Commission.
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INTRODUCTION

The effects of injection and suction on the velocity field have

‘been studied.extensively from both a theoretical and experimental stand-

point for the case of a flat plate (11, 12, 13, 16, 17, 18). Similar
studies have also been carried out for the case of a éircular cylinder (21)
and for chénnel flow. These'analyses indicate that at fihite rates of
injection (injection is comparable to the evaporation of a liguid into

a gas stream), the velocity profile is distorted from its'typical shape
with no injection. It follows that in order fo gain a more fundamental
knowledge of the'turbulent forced coﬁvection-diffusion systems, simul-
taneous measurements of velocity and conéentration profiles should be

made within the trdn;fer equipﬁent since the two processes are closely
c@uﬁled.

h In.the past, at subsonic flow rates, the hot wire anemometer has
been used to measure velocities of gases in a field of constant composi-
tion and temperature. TFor this case, King (8, 9) in his classic papers
showed that if a gas stream with constant fluid properties is passed over
a héated horiﬁontal wire, the cgrrent flowing through the wire may be
related to the -stream Velocity in a manner which may be determined by'
calibrated tests. However, in a study such as the one at hand? where

velocity measurements are to be made in a fluid field of variable composi-

“tion and temperature, it is essential that the effect on the current-

velocity relationship caused by a change in fluid properties be accounted

for (2, 3).
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The present'study‘is divided into two parts.

In Part I, the general theoretical treatment of hot wire ane-
mometry techniqué is presented to apply to the measurement of low
velocities of gaéeé with nonuniform composition and temperature. Equa-
tions are presented from which thé time averaged-and the fluctuating
velocities of gases with variable composition and temperature can be
calculated.v The vaiidity of the proposed equation for calculating the

time averaged velocities was established by velocity measurements.

In Part II, observatiéns of the fully developed turbulent velocity -

fields in the presence of moderate mass transfer rates are reported.

Part I. HOT WIRE ANEMOMETRY

t
i

It is well established (8, 9) that if a gas stream with constant
fluid properties is passed over a heated horizontal wire, the current,

I flowing through the wire may be related to the stream velocity, u

by

IERW iERw _ I :
£ T o C @ thYe - )
W a

where Rw is the wire resistance, &t 1is the difference between the
wire and fluid température, and a and b are equation'constants whose
value depends upon the fluid_properties and the wire dimensions. ZEFqua-

tion (1) is generally known as King's equation. ; e

LN
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From King's equation (Equation (1)) it is e&ident that if a

plot of heat dissipation as given by ,(IQRW/Am) versug Nu is made,

_ then the constants a énd b. can be detsrmined from the intercept énd
'slope of the straight line that best fits.the data from calibrated tests
with known velbcities. If has been found experimentally that in the

case of pure forced convection at Reynolds numbers greater than 5;0,

the relationship as given by ZEquation (l) can be represented by a linear
function (6). However, Van der Hegge Zijnen's experimental observations
(22) of heat transfer to cylinders clearly show that the effect of
naturél convection becomes important at low velocities. As a result,

it is desirable to develop a general equatién for hot wire anemometry which
will dinclude the low'veloéity range, and which will also account for the
change in properties resulting from the change in composition and tem-

perature. This general development is given in the following section.

A. Generalized Development of the Hot Wire Anehometry'Theory

Consider the hot wire anemometer as a héfizontal éylinder of
infinite iength which'gives off‘heat_to its surroundings by forced and
- natural coﬁvectién as well as by radiation.

" The mechanism of heat,fransfer from é horizontal cylindef by
natural or by foréed_donvecticn has been studied'extensively.
Van der Hegge Zijnen (22) has collected the heat transfer data for a
wide range of systems’studied by several experimenﬁors, and has cor-

related these data successfully as follows. .For natural convection
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from a horizontal cylinder for the range of product of Grashof (Gr)
and Prandtl (Pr) numbers of 1077 o 109, the Nusselt (Nu) number

is given by
)

,1/8

Mo = 0.58(Pr>g-2+ 0.25[ (ar) o (Pr) 177+ 0-45[(Gr)f(Pr)f]l/LL (2)

For forced convection from a horizontal cylinder, for the

Reynolds (Re) number range of 10_2 £0 106,vthe Nusgselt number is’

given by

1/2

f

Nup, = 0.58(Pr)g'?+ [0.56(Re) "

.According to Van der Hegge Zijnen, the term éontaining the Reynolds.
number to the first power in Equation (3a) may be neglected at low

velocities, thus we obtain

ﬁufo - 0.38(2r)0°2 + 0.56(re) Y2 ()2 | (3)

When a fluid. stream flows over a heated cylinder at low
velocities, heat is transferred from the wire to_the gas by natural
as well as by forced qonvection. The nature of the combination of
these two modes of heat transfer is not well undérstood; The only
stud& of this problem is reported by Van der Hegge Zijnen (22) who
has successfqlly_corrélatedAdata for air by assuming that the forced
and natural convection modes of heat transfer may be represented by
horizental and vertlcal veectors respectively. The total amount of
heat transferred by the cylinder may therefére be expressed by the

resultant of the two vectors. Although Van der Hegge Zijnen only

+ O;OOl(Re)fl(Pr)l/B | (Baf

.=
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-verified the validlty of this assumpuion for air, there is no reascn why
. this assumption should not hold for other systems. By using the assump-

'tion of vectorial add1t1v1ty, Equatlons (2) and (3b) may be combined as

o follows,_-

(v, - 0. 38( )° 20)2 to. 25[(Gr) L(r).) 11/8
- o,usn.er)f(Pr)-le/*‘}% {0;5‘6<Re>;/2<1ar>;/5;2- o
g Reéfféhgiﬁg.ﬁé?ms in‘sﬁe'absvé‘equatish, weget
" “where o _ ) | :
| as0sl(an), ) 1Y odstien e Y (9
:;.and,Y;'_; ' _: . _ . . S
_”:B!;'0}56(Dpf/uf)l/2(Pr)§/?_ S o

If we make the usual assumptions (6, 8, 10, 19) that the wire

*iheat losses are all to the fluild stream,that the wire i1s heated to a .

'ﬁ”:uniform:tempsrature, and that the heat given off by uhe wire does not

affect the'fluid properties of the ambient stream, then we may equate the

f'lheat'dissipationjof'the wire t0 the heat transferred to the gas stream

Lo.as
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where 'ht' is the total heat transfer coefficient which represents
natural and forced convection as well as radiation from the wire, A
is the surface area of the wire available for heat transfer, and € 1is

an energy conversion factor.

Substituting relation (5) into relation (8) we have

[0.58(ex) 02 4 JoF + 8%] NGO

Hinze (6) has shown that if the wire diameter is less than 15

IR ik
____w_ . 4+ __f..
eADt T T r \D

SR

. . . o a
microns, and 1f the wire temperature does not exceed 500 C (as will be

the case:in this study), the heat transfer coefficient for fadiation,

h which appears in Fquation (9) may be neglected.

Combining Equations (6), (7), and (9) and after making necessary

algebraic_rearrangements the velocity can be expressed explicitly as

, ' 2,2
v = ‘ Do, ]52 {{%?i\
Aakg{o 56*\ L (Pr)l/Bf \‘
2 2
k_\ IR
- 0. 766A{\]—3—£}{ Atw}(Pr)g 2, {O 586A( }(Pr)

N

x12( | -
- €2A2(5£} {O.E%[(Gr)f(Pr)fjl/8+ 0.151(6r) o (Pr) Jl/)*} \ (10)

/
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: . If the two constants Kl‘ and Kg. méy be expressed as
* K, = (eA)/D = enL ' (11)
. . : _
K, = (0.56€A)°/D = (0.56emL)D (12)

then Equation (10) may be rewritten as

IR

Wi {IER i 0.2

W )

2/3. 4/3,1/%
TRCREES e

2 42
‘;
i

s (13)

u =

T

k?{{0.58(Pr)g'2}2- {C.25[(Gr)f(Pr)f]l/8% 0.45[(Gr)f(Pr)£]l/4]2§K§
2/3. 4/3,1/3
[pf(cp)f/ kf/ /“f/ Ix,

+

Examination.of FEquation (i}) reveals that the velocity of a gas
may be célculated from measured values of the wire resistance, current,
temperature, values of the fluid properties evaluated at the meén film
temperature and from the known values of the constants Kl andllKg. It
is to be noted that these constants are functions of length and diameter
of the wire alone.‘ Since precise measurements of the parameters is dif- .
ficult, equation constahts are generally determined by calibratéd tests
in a known velocity field.. Furtherﬁore, it shouldfbe poihted out that
the vélues of Kl and K2 determined by calibration in one gas may be
used. ﬁo calculate velocities measured in anotﬁer gaé, since the only

variables involved in. these constants are length and diameter.
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A series of computer (IBM TO9k) programs were written to compute

the equation constants from calibration data. These programs and the

related details are given elsewhere (4).

The above procedure can be extended to obtain an expression for

- calculating the fluctuating velocity in flowing mixture of gases as

follows.

Neglecting the effect of radiation -Equation:(9) may be written .

in the following form:

2 _ : L2 TAL/k
IR - c o'\
w P 0.38 41/5  10.0625]"p | a1/
eANt T eAMt T D <Cp“k ) / + D372 i m } (gDB'At) /"
o 2 33/313/8
, 0.225/%F <) (epp' at)3/®
D5/h\ LM } o
o 2,331/2 3
; CpPK
0.20
v ;
| 1/2
2.3,311/3
L0 Blh/CpK ° “

()

Differentiating the above equation and-after making necessary algebraic

manupulations we obtain
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. CY
@p | B _ 0381y, W1/5[7p  u, k)
¢hit T eadt T D {5LCpMK ) S, BT
- e T/ o 02i3/313/8
! C_Pp°K A Co
L L1j0.06251% \ oL/ 0.225( p ) a1 py3/8
S BT B 7 " (enpTat)
L 7-1/2
_ _ic pQKEXl/E ' | »’CQKBQB‘%l/5 i
. 0.20217p ; Panl/2 00314 D _ :
5 i ] (gDB'AL) + 5 \ " } .uj
| 2 7\1/b '
: c oK (C
(0.0625 1 p ) oI/ 2t TRt
% e (E)t | (eDp4t) (c R ST
o p
| 2 13/3,3/8 ,
¢ p K ic
0.2253) \ ALY IS RPN LS )
7 D5/};() T R T s S S e - g
o P
m 2.311/2 .
- C_PK 1C
L 0.20271)p anl/20p 20 3K u')
| D {2} m (gDB'4t) (6; oK 'ﬁ”f
2.3 3\1/3 o 2.3.31/3 ]
Lot BTG e e w0 BT
5 BT G S B R 1

In Equation (15) P', XK', Cé, u', o', and u' are designated as small
fluctions in power, thermal conductivity, specific heat, viscosity, density

i

and fluid'velocify defined as follows

P=F+P

{
K =K + X' ‘
CmGo+ 0 o - - ' 16"
P P P . - o (1€)
b=+
p=p +p'
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Also a small fluctuation in gas composition is defined as x = X+ x'.
Collecting the coefficients of the fluctuating qﬁantities and after making

algebraic simplifications Bquation (15) may be written as

. - 3,\1/h
: 0.5 111/5 pr K’ o
P’ 0. 50k | ;B_ 1 -1/2 0.109k ) ey LB
st = FiTD (X }' 5(%) { 3/*1 n (gnBat)™ "
L .
: 2.5/3,3/8 ' 2 3,1/2
0?0/ C PK
10.3656 ] p * A 5/8 0.303| “p ey 1/2
- /H j o (eDBlat) D { ) (epBiat)
- 2.3\1/3
0.314 [%° % }
+ i u
. by 1/5 | ! 2,711/
. 0.076 |uK -1/20.0156 0K \ a1/
¢r 2906 1 KV
"% 7D QI} - 500° Rl | P
P P
{ 2 %\1/2
0.08uk o230/ 5 1P/8 3/8  o0.101|%" ¥ ) o 1/2
' DS/E{ 05/5 } (eDB'At) 5 3 (gDB'At)
-
. 0.2093 fx’0” 1/5‘]}
D T uy
V" p )J
r by1/5 2 T\1/h
(C Ky - c K
.10.0 -1/2J0.0 | , 4
SRR - e M
L Mo ) H ‘
2.13/3,3/8 2 3,1/ :
L0 8&&{0 oK \ (aDB’ A&)5/8 0. 101(C PK E ~(gDB'A¢)l/2
o 15 J D TR
' 2..5.51/%
o.105(c ke / }]
+ D U.

_ /
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- . T,1/% ' o 15/3,3/8
1 /C_K
iy -1/2 0.0513] %X | ey L%, O 1688 %p
A LA et e B o ez MG
L S M - |
, 2. 3.1/2 : 2.3\1/3 y 7
C_PK"| 1/2 [CK :
0.202{p : 0.31k | p
3 o (gDB 4@) + =5 (—E~—} u}.}
- 2.551/5] o
. u,f;( -1/2‘fo 1 (557 ?}
}2 }\ D \ 1L J
L
wher
r 2,71/
1 10,0625 |Cp° 1 oLk
SO g gg/g i —— | (epPlow) /
-
2,33/5)3/8
e |Cop
0.225 | 'y } ' an3/8
ok [T (88
2 3\1/2 .
Jc K’y
( 33\1/3 1-1/2
0.314 | C° K §
+ u
D T |

Equation (17) éanvalso be derived by following a procedure
différent from the one indicaféd above. This procedure involves éub-
stituting relations (16) into Equation (1), using binomial expan-
sions in the fluctuating guantities, neglecting cross product terms in
the fluctuating Quantities, and subtracting the averaged form of Equa-

tion (14) from the final relation to obtain ‘Equation (17). This pro-

cedure is quite cumbersome and will not be detailed here. It should also

be noted that ZFEquation (17) has been derived for a constant wire tem-

>

perature operation.
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The expressions for the mean density and the mean specific heat
at constant pressure of a gas-ailr mixture are written as the simple

weighted average as follows:

P=p + xg(pa- pg} =P, +xlp | (18)

where Eé is the mean mole fraction of the secondary gas in a gas-air

mixture.

The expressions for the mean thermal conductivity and the mean

viscosity are written as

i -

=i
i

g+ PRI, - K) =K, +E@A (20)

-k = ué + e(x)Au (21)

i
it
e
o)
o+
a
N
>
g
PamnS
=

The thermal conduétivity and viscosity of.gas.mixtures are not a
simple weighted average and vary considerably for most of the pairs of
gases. However, the function 'F(E) .can be deduced from fhe expréssion
recently proposéd by Cheung, Bromley, and Wilke (i) for thermal conductivity
of gas mixtures. The function G(x) cén be deduced from the relations
recommended by Reid and Sherwood (15).

From Egquations (18), (19), (20), and (21) we have
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p‘ = XYAO
¢ o= x'AC
b
K' = égéi)x*a X (22)
and ‘
aG(x)
i !

who= XA

Substituting relation (22) into Equation (17) yields

P!

- dF(X>(
eALE

x'A k

81) + xibc (8) + a8 (X>(c>

,_‘ | b X8 p(D') + (E") (23)

where constants A', B, C, D', and E' have been defined in Equation (17).

-Equation (23) can be further simplified into

P =sx! +EBwW ‘ ' (24)
where
S = €_7TDmt) YA dgﬁ >A' + AC B + AM__GSE)C + AQD.}
. - d

=
1t

eTDLE' At
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Equation (24) is the general expression which relates the
fluctuations in velocity to»the fluctions in power and cdmposition. G
However, one generally measures the root‘mean square power and theﬁ determines
the fluctuating velocities. TFor this purédse Fquation (2k) méy be

written as

i
n
»

2 Lo Pux 4Bl (25)

- Thus fluctuating velocity u' can be determined from relation (25)
if the three constants appearing in this relation are known. One method
of determining these constantswould be to calibrate the hot wire at three
different temperétures. For further details the reader is feferred to an

excellent reference by Corrsin (3).

B. Hot Wire Anemometer - Design and Calibration

A hot wire anemometer was designed and constructed so that it
might be used tp measure time averaged velocities under the conditions of
simultaneous mass and momentum ﬁransfer as described in Part II. It
was calibrated so that it might bé used to test applicability of the’
general equation (Equation(l5>) which describes the operation of the hot
wire in a gas stream having variable fluid properties. Thé ﬁot wire probe

consists of two sections of stainless steel tubing, 3/8- and 3/16-in.0.4d.
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as shown in Figure 1. A,drawinglof the lower hélf of the probe is
shown in ‘Figure 1 A; Tt is fabricated of a 23-in. long, 3/8-in. o.d.
steel tube with a wall thickness of 0.125 in. A male "Sub-Minax" con-
nector is bolted to the top of the tubing. Two pairs of Teflon-coated
wireé~lead from the connector_through the tube and are soldered to four
terhinals of a 5-prong plug attached to the bottom of the probe. The
upper section (see Figure 1 B) is fabricated from 5/16—in. 0.d. stain-
less steel tubing . (0.018~-in. wall thickness) .- Thé upper end is bent at
an 866 angle so that the wire will be upstream of the main body of the
prbbe,.and thus will not sense any distortion caused by the tube.

The probe tip consists of two stainless steel supports cemented to
a Bakelite base with Epoxy Resin! The supporté are so tapered that the
diameter varies from 0.27 in. at the base to 0.015 in: at the tip. Both
supports extend 5/8 in., from the surface of the‘Bakelite housing, and
are separated by a distance of' 0.125 in. ét thé base. A 0.00025-in.
diameter platinum wire is s@ldered to the tips of the two prongs. The
upper half of th; probe is Joined to the lower half by a female "Sub-
Minax" connector which.-is cemented to a 1-in. long, 5/16;in. i.d., 1/bk-
in. o.d. stainless steél collar which in turn fits over the 3/16-in. -
- tubing at its base. fWO Teflon-coated wireé lead from the two wire sup-
ports to the connector at the bottom of this section of the probe.

A Kelvin double-bridge was used to measure fhe registance of the
platinﬁm wire. The bridge used is similar to that described by Lowell (10).

The hot wirevénemometer is calib;ated for Qelocit& andvtempera,

ture in the equipment shown in Figure 2. Compressed air bubbles through’
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a humidifier, flows_through an orifice section whére‘the flow rate is
measured, and then through a calming tube where the velocity becomes
well developed. The probe is placed ét the end of this section. Flow
rates are chosen so that the flow is lamipar‘in the tube.

The humidifier is fabricated from a 62-inﬁ length of 2-in.
iron piﬁe; Reducers attached to the ends of this pipe Jjoln it to the’
1/k-in. brass pipe lines both upstream.and downstream of the humidifier.
The humidifier is 3/h—filled with l-in. Berl saddles. Several needle
valves upstreém'and downstream of the humidifier, as well as a pressure
regulator facilitate smooth operation of the unit.

The érifice section consists of two lengths of 2-in. i.d. brass
tubing (wall thickness = 0.125 in) and an orifice plate. The upstrean
se@tion is  20-in. long, has an end-plate soldered to its upstream end
and:a_ 5—l/h—in. diameter flange soldered to its downstream end. Radia-
tion Iabbratbry standard tubing fittings (RL'fitfings) soldered to thé
end-plate.join thé qﬁafterripch pipe to the orifice secfibn. ‘The down-
stream section is v20—in-llong, and has _5-1/4—in- diameter fléngés at .
both énds.A The orifice is fabricated from a 9/52—in. thick sheet of
brass. The o.d. is 3-1/4 in., the upstream. i.d. is '0.2508 in.
The downstream face of the orifice is beveied at.a 450 angle té the
tube axis as suggested by Stearns et al (20). Two "flange taps" are
drilled at locations one-inch upétream.and downstream from the face of
thé-orificé plate. |

A parabolic leminar veloéity profile develops in a - 100-in. loﬁg,

2-in. i.d. Dbrass calming tube. This section is connected to the orifice
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section and probe housing by 5—1/4 in. flangesfsimilar to those used -

in the orifice sectién. The probe housing is similar to the calming tube,
except that it is_only 6-in. long. The probe is.inserted at the center-
line 2-in. downstream from the first flange. A 20—in. long, 2-in. i.4d.
brasg discharge section is joilned to the probe housing by a 5—1/%-in.
diameter flange. Heat is supplied to the system by electrical resistance
heating tape, which is wrapped around the humidifier walls aﬁd the calming
tube. The latter is used to keep the wall femperéture equal to that of
the fluid stream. The power input is controlled by variacs. A manometer
maﬁufactured by the.Meriam Instrument Co., was used to determine the

flow rates through the orifice. The 0.2508-in.diemeter orifice was
calibrated with a wet test meter. |

| Before calibrétion, the wire was visually checked for uniformity
of ‘diameter with a 160-power microscope. An increasing amount of

current was passed through the wire until it began to become dull red.

If the wire diameteér was nonuniform,.the regions of smallest diameter
would become red well before the remainder of the wire due to localized
heatingi Otherwise, if the wire was uniform, it became dull red at the
center fifst, and a slight increase in cufrent exténded the dull-red

zone to 80% of the length of the wire.‘.If the wire.was acéeptable,

it was then annealed for approximatelj two hours by heating it electrically
téia'dull—red.color. It was found, as previouély shown by-Spangenburg (19)
tﬁat if this step was not taken, reproducibility in calibration was poor

due to hysteresis effects. | )
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The wire was first calibrated forftemperature. The.probe was
inserted in its housing, the calming section heaters turged on, and the
air flow set at as high a rate as wés possible. An iron-constantan
thermocouple was placed very cloée t0 the wire. Simultaneous thermo-
couple . eﬁf ‘and wire resistance readings were made at a number of tem-
peratures within the range 20 to 1250 C. Wire resistance was plotfed
as a function of temperature; if the two were related linearly, this
served as further evidence that the wire diameter was uniform. Since .
resistance is a.linear function of temperature for.the range of O té
500o C, the above-mentioned plot was_extrapblated to 500O C.

The velocity calibration was also performed in the eguipment
déscribed gbove. The humidifier was first filled with water and heated.
At éhe same time, the air was bubbled through the column. The walls of
ﬁhe‘calibration equipment were also heated. Thelhot wire anemometer waé
placed in the housing and attached along with the dischérge section to
the column section. A gas sampling tube was run in through the discharge
section so that the gas stream could be sampled using é thermallconduct—

ivity cell as described in detail by Wasan (2L).
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C. Hot Wire Anemometer - Results and Discussion

. General equatipﬁs (13, 17) which describe the operation of a
hot ﬁire anemometer in a gas stream having variable fluid properties
have been developed in Section A. In order to illustrate the effect
of variable fluid properties on the.calibration curve, three hypothetical-
cases have beeh computed using Equation (13) fér water vapor composi-
tions ranging from O +to 20 mole percent. The results of these
calculations appear in Filgure 5.‘ It is noted that in the low velocity
range, for a given current and resistance, the velocities at the tvwo
extreme compositions differ as much as by U5 percent. It may therefore
be concluded that if variation in composition is not accounted for in the
interpretation éf the experimental data, velocities measured in fields
of elevated composition will appear to be higher than the true values.

Data for the Velqcity calibrafion performed with air containing

2.29% water vapor and at 22°% ¢ are shown in Figure 4 where Ju is

plotted vs Isz/Am. Constants X and .KE in Egquation (13) were

1

determined from the two velocity points shown by the solid points on the
figure. The curve corresponding to Equation (13) based on these two
points is shown.as the upper curve in thg figure. t 1s evident that
Eiuation (lB)Vfits the entire body of vglocity data very satisfacforily.
It is belie&ed that'this'constituteé one fest of the validity of Equa-

: tion (13), and thus the satisfactory performance of the hot wire anemometer
for measuring the time averaged velocities iﬁ a gas mixture. It is to

be noted that for velocities greater than 1 ft/sec, the calibration
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curve is linear,'and Equations (1) and (11) predict the same values.
However, at velocities lower than this, the curve is no longer linear

and the velocities predicted by King's equation (Equation (1)) are higherb
than the true values.

Additional calibration data measured in air containing 8.34%
water vapor and at 480 C are shown in TFigure 5, where these data are
compared with the curve correéponding'to Equation (11).  This curve was
computed using the constants Kl and K2‘ that were calculated from
data measured in air conteining 2.29% water vapor and at 22° C. The
satisfactory agreement of the data with the calculated curve»demonstrates
that once the wire is cadibrated at.one_convenient set of conditions,
the resulting constants may be used to calculate velocities mea sured in
a ;ystem having different composition and tempefature.

: As a further test of the performance of the hot wire anemometer,
a velocity profile was measured in the calibration equipment where the
Tlow was known to be fully developed and laminar. The measured profile
compares well with the anticipated parabolic profile, as may bevseen in
Figure 6. Since velocities as low.aé 1 ft/sec were measured, 1t is
believed that this test successfully supports the reliability of the hot
‘wire anemometer at low velocities.

In summary, the reéulﬁs of the present study indicate the
applicability of the general egquation (Equation (13)) for caleculating
the time averaged velocities in a field of variable properties. - Further-
more, Eqﬁation (13) instead of King‘svequation (Equation (1)) should be
ﬁsed:tq éalculate low veiocities. The ékpression.(Equafion (17)) has also
been developed for calculating.the fluctuating velocities. However, the’

applicability of this equation remains to be tested.
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Part _
IT. MASS AND MOMENTUM TRANSFER STUDIES

Having established confidence in the performanée of the‘hot wire
anemometer and the applicability of the generai equation as_developed in
Part I for calculating the time averaged velocities in a field of variable
fiuid propefties, equipment was designed for making the dbsefvations of the
Tully deveioped turbulent veiociﬁy fields in the presence‘qf moderate mass
fransfer rates. vIn the experimental sﬁudy, water was vaporized from thg
wetted wallé of a short cylindrical section into a‘fully~devéloped turbulen£
air stream. A hot wire anemometeg described previously in Part I was used to
measure the time-avergged velocity distribution (velocities ranging from 0.2
tor6 feet per second) of the gas streaﬁ of variable éomposition ahd temperature.
Velocity gnd temperature profiles were measured with and without vaporization
conditions for Reynolds numbers ranging from 9,000 to 20,000. This rather
narrowv raﬁge‘of Reynolds ngmber was chosen because at these flow rates the
wail region, where the concentration and velocity gradients'are greatest, is
relatively large thus facilitating aécurate meaéuremenfs of velocity and

concentration in this region.

~A. Experimental Apparatus
. The equipment shown schematically in Fig. T was designed for the study
of mass transfer from the ligquid to the gaseous phase in mass transfer entry

~

region of a pipe under variable conditions -~ of liquid ahd gas temperature and

" Reynolds numbers.
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Filteredvroomvair is blonn into the apparatus through an orifice meter,
an air'valve, a bank of nine 0.778 KW finned resistance heaters and a calming -
section nhere the wvelocity profilevis allowed to develop before entering the
~test section.

The air valve and neater are joined to the system by ductwork fabricaﬁed
of l/52—in. thick aluminum ailoy‘sheet} The former is Jjoined to the. upstream
side hose by & duct‘23-l/2'in rong whlch expands from a. 5~ 1/16 ~in. outer
dismeter at the upstream end to a flow area 76 in. by 16 in. at the air valve
end. A 1~ 1/9 -in. wide flange is welded arouna the downstream perimeter. so that
the duct may be connected to the valve. The air heater is connected in a
similar manner to the caiﬁiné section pipe. The duct upstream flow cross
‘section ;5.17 in. square, and the‘downstream inner diameter is 8-5/8 in.

This duc? is iO in. long. The air valve is connected to the air heater by a
tapered duct fabricated from the same sheet metal as mentioned above. The
upstream end has a flow cross section of 16 in. by 16 in., the‘dqﬁnstream end
cross section is 17 in. square.. Botn ends have'l-l/Q-in. wide flanges weided
~around thelr perimeters so that the duct may be aftached te the air'valve and
the heater. / |

It is desirable'that'the velocity profile entering the'test‘section
"~ be well developed; ae alresult,ea calming section ap?rbximately 20 pine diameters
long is used, as recommended by Olsen and Sparron (lh).. The calming section is
constructed from 7;i/E~in. i.d., 1/b4-in. thick aluninum tubing, and is welded to
2<sherter pieces of the same tubing. The 31-3/8-in. iengtn is joined to~the
air heater exit duct by a sheet of l/g—in. thick rubber wrapped around the tube

and the heater outlet duct lip, and'held in place by two 9-in. hose clamps. In
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addition, a thermal well.is installed in‘this-ieg of the section, 8 in. down-

stream from entry. The temperature sensor .inserted in this well ié connected

- to the temperatu:e controller.

The calming section is 168-3/8 in. long. Access to]the upstream end

" of the calmingusectioﬁ is provided by a 11-3/8—in._diameter; 1/2-in; thick
aluminum endfpiate, which is fastenéd to a flangé of the same diaﬁeter and
thickness on the calming section. Boundary layer growth is initiated by an
aluminum ring, 7-1/271n. o.d., 5/16-in. thick and 1/4-in. deep placed 10-3/h in.
downstream from the flangef-'The disﬁance from‘theAring to the head of‘the test
section is 157-3/8 in. which corresponds to an effective calming length of 21
pipe diameters. The downstream end of the tube is Jjoined to the test section
by a 1/2-in. thick, 11—3/i6—in. dismeter aluminum flange. A 3/16-in. diameter
pressure tap is drilledrl in. upstream of the téét section entry: l/h-in. RL
fittings are used to provide convenient cohneétion to a pressure gauge. In
addition, thréevtraversing ports are provided. - The entire calming seétion,
and also the test section are insulated Qith thrée‘layers of fiberglass insuia—
tion;

Thertest section functions as a countercurrent double-pipe mass exchanger.

A pictorial view is shown in Fig..8. Water.circulated in the annulus penetrates
thfough the porous pipe and diffuses into the turbulent air stfeam. The essential
component of the test section is a 2-~ft loﬁg poroﬁs ceramic éylin@er, An inner
diamete; of 7.5 in. waé chosen so that the concentration boundary layer thick- -
ness in the Reynolds number range of interest would be of the order of 0.2 in.,
thus:facilitéting concenfration measuremenéé'at many poinﬁs'within this region.
The cylindef is referred to by its ﬁanufacturer (Filtros Incorpcrated) as a

"1'35' Flectrolytic Diaphragm'. It is a porous porcelain material of high alumira
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content; pore silze ranges from 2 tb 7.5 microns in radius. The cyiinder'
walls are 7/52 in. thick and will withstand pressures up to.5,000 psig.

Two 11/16-in. diametervholes are drilled 5-1/16‘qnd 15-1/8 in. along
the length of the tube to accomodate a probe,A These positions shall be referred
to as stations i and IT respectively. fifteeh iron-constantan thermocouples
are installed‘at étations along the length of the test section. The thermo-
‘couples are protgcted frpm their wet environment by 3/32-in. Q.q. stainless
.steel tubing (l/l6-in. i.di) and the thermocoqple tips are held in place 1/52 in.
from the inner surface of the ﬁipe bj Saureisen Electrical Cement (no.:DW—BO).
The stainless steel jackets are secured tobthe o@ter wall of the cefamip tube
by a silicone ruﬁber sealant (GE RTV-102).

The water Jjacket is fabricated from a.22~3/h~in.‘length of brass tubing,
10-in. i.d. and 0.1L8-in. thick.. Two lh—in. 0.d., 1/2-in. thick.brass flanges
aré welded to tﬁe two ends of the tubihg. Water enters the annular volume
through a}B/M-in. hole drilled 2 in. from the downstream end of the ?ipe. The
water leaves tangentially throngh a hole of the same diameter drilled 1-3/L in.
from the upstream end of the jéckét,\énd 2-1/16 in. above the center—line, on
the left hand side. A hole has glso.been arilled at the top‘of the water
Jacket, 6—5/8 in. downstream ffom the upstream brass flange to accomodate a
 pressure gauge and an 18 ft high standpipe which is used both as a test section
wd%e; pressure indicatof‘and as a vent. _Finally, two 3/b-in. holes are drilled
as shown to acco@odate the probe. When the test éection is assembled, the B/M—in.
holes iﬁ thé jacket are lined up wi%h the holes ériiied in the eeramie tube. The
probe traversing mechanism is held in plaée by one of two brass plates, each of
which is welded tO‘thé outer surface of the jaéket, 2—5/h in. déwnstream from

one of the two probing stations.
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The ceramic tube and water Jacket are héld in place by two B/M in.
thick, lh—in. diameter aluminum flanges, located at ?ach end of thé test
section. Seals between the flanges and the ceramic tube and water Jacket
are obtained by Neopfene O-rings and sealing strips.

. Passage to the air stream is provided to the probe by two 5/h-in1
0.d. pipes (5/8~in. i.d.), 3-in. long which are insefted in the two 3/4-in.
holes drilled at the bottom of the water jacket for that purpose. The upper-
most end of the tube rests against a rubber grommet which forms a seal between
the ‘ceramic pipe and the tube. Male:and feﬁale RL fittings are attached to
the lower énd of the pipe. |

The hot wire anemometer probe may be moved through the test éection
by a traversiﬁg mechaniém. The gear mechanism is mounted on a‘l5u7/15-in.
by 2-in. Dby l/h-in. cold~rolled s£eel bar. A B/M-in. pitch diameter spur
gear can ?e mo;ed up and déwn along a 10-in. ;ong, 32-pitch rack (on the side
of the steel bar) by turning ﬁhe knob mounted on the front of the assembly.
Pogition of the probe is indicated by a scale mounte@ on the front of the Dar,
parallel to the ﬁrobe;, The smallest scale division is l/lOOth-in; |

The aischarge section consists of'é 7-1/2-in. i.d. (8-in. o.d.), Lh-in.
length (5-7/8 diameters) of aluminum tubing_foliowed by 2 15-in. long, 8-in.
‘square duct. 'The‘aluminum‘tubing ié connected to the test.secfﬁbn_by a 1/2-in.
thick, 11-3/16—iﬁ34diameter‘aluminum flangg. The équafe andbround ducts are
joined by two 10-1/L-in. square flanges (1/8-in. thick). A 5~in..diameter
orifice cut in a lQ-l/ﬁ—in. square sheet of l/8-in.'thick aluminum plate is
used to ﬁix thé effluenﬁ gaé stream.. The ifOn‘duct is then connected to

another section of the same cross section by lO~l/h-in. square flanges.

{
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A 2-in. diameter orifice cut in a sheet of aluminum similer to the A-in. orifice
is inserted between the second set of square flanges. A thermometer bulb and

gas sampling tube lie in the vena contracta of this orifide, and help to in-~
dicate the effluent gas temperature and composition, the latter being measured
with a thermal"conductivity-cell.

Distilled water was stored in a 50-gallon water heater and was filtered
and pumped thrqughvl/E-in. copper line and'throdgh a rotameter to the test'
section and then recirculated to the.water heater; The temperature of the in-
coming and outgoing water waSAnoted.

A temperature-compensated aneroid barometer was used to indicate both

room and test section total pressure.

i

B. Experimental Procedure

Velocity profiles were first measured without wvaporization. The hot

wire anemometer probe was secured at station zero (upstream of the test section),

Fa

the blower was turned on and the flow rate wag set by adjusting the size of the
intake ﬁort of the'blower so that the test section Reynolds number was about
9,500. The center-line velocity and pressure drop across the orifice meter
were measured and then rechecked every fifteen minutes until steady'values
were\observed.' Then velocity and temperature profiles were measured in the
calming section in addition to measuremenﬁs of air humidity., test section
total pressure, pressure drop across orifice meter. orifice meter ufstream

tap pressure and room temperature. The flow rate was then changed to a
‘Reynolds number of.l6;950 and the zbove procedure was repeated. The procedure
for measuremept of veloéity distributions at stations one and two was identical

to that followed at station zero.

i *
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" Initially, the time averaged velocities were measured along all

the radial positions in the test section. Such measurements were made

upétfeam of the test section and at station II which was three pipe
diameters downstream of the first profile. All profiles were found to
be symmetric about the tube axis and no substantial difference was found

between the two profiles taken upstream'and downstream of the test section.

" This would indicate that the velocity profile is well developed.

" As a further tesf of the anemometer and performance of the experi-
meﬁtal equipment; Reynolds numbers were computed by averagihg the velocity
profiles taken at station IT without mass transfer. Reynolds ndmbers
of 9,500 and 16,950 were obtained in this manner as compared to 9,2MO
and 16,500 indicated by fhe orifice meter readings. The small discrepancy
between the two may be attributed to experimenﬁal errors assoclated with
the readings of the flow meters used in the anemometer célibrationvand
in the experimental equipmentf The ciose agreement betweeﬁ these.ﬁwo
independent methods of estimation of Reynolds numbers indicates that the
hot wire anemometer calibrationbis reliable.

In addition to the above measureménts, wire resistance and current

were measured in stagnant air across the diameter of the test section to

- determine the magnitude of the "wall effect” reported by Dryden (5).

This effect is caused by the transfer of heat to the pipe wall by naturél
convection, and leads to velocity readings, in the vicinity of the pipe
wall which are higher»than the true valués. For the stagnant air readings
mentioned above, it was observed in this study that for the region between

the axis of the tube and 0.08 in, from the pipe wall, the heat transferred
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from'the wire was constant. At distances c105er‘than 0.08 in. from
the wall, however,'the heat-transferred from the wire increased as'the_
wire aﬁproached the wali. The amount of heat transferred to the.wall
was determined by calculating the difference in heat transferred at.ény
point near the wall and the heat transferred at a distance greater than
0.08 in. from the wall. In calculating the true veloCity of a gas
stream fiowing over a héatéd wire in the vicinity of é solid boundary,
it is necesSgry to subtract the heat %ransferred to the wail‘from.tbe
total amount of heat transferred from the wire. A wall effect correc-
tion curve isAgiQen else&here (&). |

The procedure for the runs ?erformed with mass transfer was
.similar to that dgscribed above with the exception of the'oéeration of
-thé water circulation system. The air flow was set at a rate corres-
‘pohding to one of the dry runs. Initially, distilled water at room
temperature was circulatéd in the»test‘sectiohvannulus at a sufficiently
high pressuré so that wetting occurred on the inner surface of'the
ceramic pipe. .Once'all of the innér surface was visibly wet, the test
section water pressure was gradually decreasea by reducing the water
ciréulation rate until the rate of penetration of water thrbugh the
ceramic pipe equaled the rate of diffusion of water into the turbulent
air stream. This procedure was checked guantitatively by measuring the
composition of the gas stream elose to the wall while lowe:éing the tést
secﬁion water pressure. When the walls were wet, the compositidﬁ of the
gas remained constant. TFor details on the measurement of concentration

.distribution in the test section, the reader is referred elsewhere (24).
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The velocity and temperature profiles were then measured in
addition to the test section water pressure, and test section water inlet
and outle{ temperatures.i Velocities were measured at Values of the
ratio of distance from the pipe wall to the radius (y/r) as small as
0.0045,. which correéponds to approximately lOO pipe pore diameters.

This distance is believed to be sufficiently large for the wetted surface

- to appeaf to be continuocus.

B. Experimental‘Results and Discussion

In order to determine the effects of moderate mass transfer rates
on thé velocity préfile, experimental runs were performed ét Reynolds
numéers'of 9,500 and 16,95Q at room temperature. conditions and

Reyholds'number of 9,800 at éir and water temperatures of about 500 C.

Results of these velocity measurements are shown in Tables 1, 2, and 3.

Results of,thé concentratioﬁ profiles are given elsewhere (24). Results
of the’calculated mass -transfer rafes for the experimental runs aré sum-
marized in T;ble. L. - The physical properties of water-vapor air mixturé
vwere taken from Reference (7). The log-mean driving force,’(ﬁpA)Em,

was evaluatedrby using values of the water vaﬁor composition at the test
section inlét and a2t the designated station. The average mass flux, NA

was calculated by a material balance over the corresponding portion of

the test section. The mass flux, at the wall, (NA)W was calculated by

the diffusion equation, and from this value, the ratib of the interfacilal
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&elocity to the maximum velocity, vw/umax"was computed. It is to be
" noted that the interfacial veloéity reéulting frbm the diffusion flux
normal'to ﬁhe wall is véry much smaller than the minimum point velocity
measured in this study.
Velociﬁy.profilesrmeasured at room temperature with and without
vaporization are compared in Figures 9 and 10. It can be seen from
" these cﬁrves that at lo% &aporization rates, the Velocity'distribufion
remains practically unaltered. In the same ﬁaﬁner, velocity profiles
measured at 500 C— with and without mass tréﬁsfer are compared in
Figure 11. This curve clearly}indicates~that the mass ﬁransfer'process ]
does not influence the velocity distribution in any significant way.

' Typical concentration profiles measured at Reynolds nuﬁber of
16,950 are shown in Figuré 12.' Since concentration gradients are the
greatest in the vicinity of the pipe wall, the velocity distribution in
this region is of interest. Values of the dimensionless distance, y+
and dimensionless veloéity, u+ were calculated forvtheAwall region and
are compared in Figure 15 with the.equatiohs proposed by Wasan, Tién, and
Wilke (é3) aﬁd Von Karmen (16). I£ will be noted that the data from

i, 'traverses taken both with and without mass transfer agree well with the
cﬁrves proposed by these authors for the velocity distributions taken
‘without méss‘transfer, thus indicating tﬁat u+ is a unique function of
yf under the experimental éonditions encountered. It iéAfurther noted
tﬁat velocities were measured at diétances as low as aboﬁt y+ of 1.0.
This indicates the advantage ofvusing:a test section of largebaiameter

and low Reynolds range as employed in this study.

4
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A.furthér test of the validity of the experimental data was made
by calculating the Fanning friction factors‘at Reynoldé numbers of
v9,500,.9,800, and 16,950. Since velocity readings were made at values
of y+ as low as 'i.O, it was possible to estimate the velocity gradient
at the pipe wali; énd thus the shear stress at the Qall.v'The friction
~factors were then determined using the calculated values of the shear
stress at the wall and the buik velocity of the gas sﬁream.‘ These‘values
compafe well with the curve representing thevBiasius equation for a smooth
pipe, as may be seeﬁ in Figure 14. The close agreement observéd between:
calculated and experimental vélues demonstrates the reliability.of hot
wire anemometry at the low_velocitiesfencounteféd in this study.

In addition to velocity profiles, the time-averaged temperature
disffibutions corresponding to the velocity profilesvwere meaéured-at room
temperature .and Reynolds numbers. of ©,500 and 16,950 and at air and
water temperatures of about 500 ¢ and Reynolds number of 9,800. Tﬁe

results of the measured temperature profiles are detailed eléewhere (Ly.

C. Conclusions

In this:paper, the hot wire.anemometry technique was extended to
abply to the measurement of low veloéities.of gases in a field of variable
composition and temperature. Results of the present analysis show~thatv
variation in cémposition and the effects of natural convectlion must be
accounted for in the interpretation of the velocity data. Close agree-

ment between the velocities calculated from Equation (13) and the actual
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velocities in known pargbolic flow fields established confidence in the

hot wire technigue for measuring low velocities. Satisfactory performance

experimental eguipment and hot wire anemometer was further sub-

s

of t©

-
¥
[¢]

cF

stantiated by the fact that Reynolds numbers calculated from the averagéd
velocity profiles agreed well with those determined from orifice meter
:readings.

Comparison of velocity profiles measured with and without vapor-
ization indicated that the velocity distributions remained unaffected
under the conditions of moderate mass transfer rates. Values of dimen-

. . +. + . .
sionless distance (y ) and velocity (u ) determined from profiles measured
with and without vaporization compared well with
The universal Velocity.distribution Tor the wall region propOSed by Wasan,
Tieﬂ, and Wilke. Furthermore, friction factors calculated from the velocity

gradients at the pipe wall were in good agreement with those predicted by

the Blasius equation.

i &
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NOTATION

constant appearing in King's eguation (Equation (1))

surface area of a cylinder available

for heat transfer

constant appearing in King's equatibn (Bquation (1))

specific heat

diameter

fanning friction factor
acceleration due to gravity

heat transfer coefficient.

electrical current flowing through wire
thermal conductivity

constants appearing in Eguation (13)
iength of wire

mass flux of diffusing species

vapor pressure of diffusing Specieé
pipe raddius |

wire resistance

“temperature

-fluid velocity

friction velocity = N ngc/p
radial velocity

distance from pipe wall

UCRL-16372

'<1b./ft?>

o ft.-1Db.
1b.-force sec

(ma)

o F)

(Btu/nr ft
(£)
(g.moles/cnZsec)
(mm. Hg)

(£t)

(chms )

(° 7 or %)
(ft/sec)
(£t/sec)
(ft/sec>

(£%)
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NOTATION (Cont"d)
Greek Letters
B! coefficient of expansion of gas.
€ energy conversion Ffactor
K orifice discharge coefficient
(L " fluild viscosity

1% kinematic viscosity

P fluid density

UCRL-16372

(uW-hr/Btu)

(1b.7ft hr)
(fte/hr)

(1b./ft5)

ch



Dimensionless Groups

total of natural, forced convection and racdiation

Gr Grashof number

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

u+ dimensionless velocity
N .

N dimensionless distance

Subscripts

a alr

f- mean (arithmetic) film

fo forced convection

i inlet

I log mean

max maximum

n natural cdnvection

T - radiation

t

ﬁ wire

W wall

(807078 56/1°)

(10 /x)

(Cpu/k)

(Duo/u)
(afsy)

(yu,/v)
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Table 1. Tabulated velocity profiles measured at a Reyrolds number of 9,500 and
an approximate air temperature of 25° C.

ol oRoNoNeoNoNoRoNoRoNoNoRoNoNS]

Station I (z/d=.216) 4 o - Station IT (z/d=1.82)

Dry run Mass transfer run ’ dry run _ Mass transfer run
y/r ’ u/umax y/r A u/umax y/r u/umak . y/r u/umax
.010h 0.134 0.0109 0.155 0.0045 0.070 0.0051 0.085
.0163 0.268 0.0163 0.246 0.0099 0.13%9 0.010k 0. 14k
L0243 - 0.362 0.0243 0.357 0.0L79 ° 0.268 0.0184 0.288
L0376 0.516 0.0%76 0.531 0.0312 0.441 0.0317 0.468
.0509 0.613 0.0509 0.603% 0.0445 0.556 0.0L51 0.546
.0643 0.670 0.0643 0.679 0.0579 0.63%2 0.0584 0.626
L0776 0.721 0.0776 0.712 0.0712 0.705 0.0717 0.688
.1043 0.765 0.1043 0.784 0.0979 0.752 0.0984 0.755
.1576 0.842 0.1576 0.83%9 0.1512 0.83%6 0.1517 0.796
.2909 0.885 0.2909 0.87h4 0.2845 0.881 0.2851 0.875
b2k 0.91hk 0.l4oh3 0.9%2 0.4179 0.915 0.4184 0.930
.5576 0.963 0.5576 0.961 0.5512 0.947 0.5517 0.951
.6909 0.974 - 0.6909 0.976 L0.6845 0.971 0.6851 0.964
.8243 0.995 0.8243 0.981 0.8179 0.989 0.8184 0.986
.9576 0.995 0.9576 1.000 0.9512 0.989 0.9517 0.986

Maximun velocity =u = 3,143 _ft/sec1

2L¢9T-T40n



Table 2.

Tabulated veloc1ty proflles measured at a Reynolds number of 16 ,950

and an approximate air temperaturt of 25° ¢

Station I(z/d=.216)

Station IT(z/d=1.82)

Dry run Mass transfer run Dry run- Mass tiransfer run
y/r u/uhﬂx y/r u/umax y/r Ymax y/r u/umax
L0104 0.27k 0.0109 0.198 0.0045 0.120 0.0051. 0.162
.0163 0.390 - 0.0163 0.372 . 0.0099 0.223% 0.010k 0.2%5 .
.0243 0.531 0.02k3 0.490 0.0179 0.4%05 . 0.0184 0:436
.0736 0.657 0.0376 0.636 0.0312 0.603 . 0.03%17 0.63%9
.0509 0.732 0.0509 0.721 0.0hkh5 0.699 0.0451 0.685
L0643 0.748 0.0643 0. 742 0.0579. 0.726 0.0584 0. 720
L0776 0.777 0.0776 0.762 0.0712 0.757 0.0717 0. 750
.1043 0.810 0.1043 0.803 0.0979 0.818 0.0984 0.802
.1576 0.842 0.1576 0.831 0.1512 0.849 0.1517 0.840
.2909 0.885 0.2909 0.887 0.28L45 0.896 0.2851 0.925
2hs 0.91k4 0.h2kh3 0.938 0.4179 0.931 0. h18h 0.935
.5576 0.963% 0.5576 . 0.959 0.5512 0.975 0.5517 - 0.980
. 6909 0.974 0.6909 0.972 0.6845 0.990 0.6851 0.991
.8243 0.995 0.8243 0.982 0.8x79 " 0.995 0.8184 0.999
L9576 0.995 0.9576 0.986 0.9512 1.000 0.9517 0.999

leNoNoRoNoReoNoloNoNoNoNoRoNeROR

Maximum velocity =u
) y max

= 5.355 ft/sec

_6g_.

2LEOT-TaoN
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Table 3- Tabulated velocity profiles measured at a Reynolds

number of 9,800 and an approximate air temperature of 50° C.

y/r

.0069
.0123
.020%
.033%6
.ok6o
. 0603
.07%6
.1003
.15%6
.2869
. 4203
L5536
. 6869
.9536

oloRoNoNoNoNoRoNoNoNoNoNeoRe!

Ty Tan

/
U/ u
max

L1135
.191
.310
.518
. 654
. 702
-795
.89
.895
.956
.983%
.998
.000
.998

OMHMOO0O0OOO0OOOO OO

Mass transfer

[oNeoNoNoRoNoNoNoNoRoNoNONONEG)

run
u/u
max

-155
.19L
.320
.196
.629
. 688
. Thb
.827
.878
.931
.960
97T
97T
.972

Maximum velocity = u

ma.

< = 3.611 ft/sec

i*
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‘Table L Summary of calculatéd mass transfer rates.
Run  Station  Reynolds Log—meana ' Averagea - Mass flﬁx "vw/u' .
.- . max
no. no. - no.- . driving force mass flux  ,at the wall % 10
: : (mm. Hg) (g.moles/cm"sec x 10°)
" Re ] APﬂmf : I\TA C NA
. W
W-2 I 9,500 - 12.kh2 ~1.985 1.285 3.%9
W-2 II 9,500 .  12.16 . 0.521 0.430 © 1.1k
- W-3 I 16,950 - 10.61 1.060 0.960 1.k9
W-3 IT 16,950 10.42 o.4k2 - 0.351 0.54
II .. 9,800 7051 - 5.220 2.120 5.2k

aAverage takenxbetween.test section inlet-ahd»correéponding station.




Figure Captions

UCRL-16372

Fig. 1. Engineering drawings of how wire anemometer probe.

(2) Lower half. (b) Upper half.

Fig. 2. ZEgquipment used for calibration of hot wire anemometer.
g .

Fig. 3. Effect of water vapor on hot wire anemometer calibration

Fig.

Fig.

Fig. 6.
Fig. 7.
Fig. 8.

Flg- 9.

curve for air according to Equation (13).

Comparison of velocity calibration data

water vapor composition of 2.29% at 22° ¢

Comparison of velocity calibration data

. . o)
containing 8.34% water vapor and at 487 ¢
Velocity profile in hot wire anemometer
Schemstic of mass and momentum transfer

Pictorial view of test section.

axe = 3.143 ft/sec).

Wire diameter :,0500025 in;

wire length = 0.10 in; wire mean film temperature = 1520 C.

measured in air with

with Ecuations (1)
measured in air

with = Equation (13).
calibration equipment. .

equipment.

Comparison of velocity profiles measured with and without

mass transfer at about' 250 C and Reynolds number of 9;500
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Fig. 10. Comparison'of'velOCity profiles'measured with and without
mass transfer at about 250 C and Reynolds number of 16,950

(umaX = 5,555 ft/sec)..

Fig. 11. Comparison of velocity profiles measured with and without
mass transfer at 500 C and a Reynolds number of 9,800

"

max = 3.611 ff/sec).

' Fig. 12. Concentration profiles in the test section at a Reynolds

number of 16,950.

Fig. 13. 'Comparison of experimental data measured near the pipe
wall with known velocity distributions for turbulent flow in

a pipe.

Fig. 4. Fluid friction in experimental apparatus.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






