e—————
.
-

UCRL-i0558

->

University of California

Froest O, Lawrence
Radiation Laboratory

~ N

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
\_ | J
TURBULENT EXCHANGE OF MOMENTUM, MASS,

AND HEAT BETWEEN FLUID STREAMS
AND PIPE WALL

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



- T e ot B ]
B s Ly ' --.L_M e Ay e T ..H“_-—o'.
i

“""~.

b ! Submitted for pub, in the Amer,

Inst of Chem, Engr, Journal,
B |

UCRL-10556

et e

- e
e Foor it b Mnamios S2 o

i; s & 7 : v

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contractv No. W-7405-eng-48

TURBULENT EXCHANGE OF MOMENTUM, MASS, AND HEAT
BETWEEN FLUID STREAMS AND PIPE WALL

Darshanlal T. Wasan and Charles R. Wilke

March 1, 1963



-iii- UCRL-10556

TURBULENT EXCHANGE OF MOMENTUM, MASS, AND HEAT
BETWEEN FLUID STREAMS AND PIPE WALL

Darshanlal T, Wasan and Charles R, Wilke
Lawrence Radiation Laboratory and Department of Chemical Engineering'
University of California

Berkeley, California

March 1, 1963

ABSTRACT
A new correlation is presented to describe mass and heat transfer to
a fluid in a fully developed turbulent flow in a pipe. The correlation differs
from earlier empirical relations in that it is based on a theoretical continuous
eddy-viscosity distribution from the wall to the center of the pipe. Transfer
rates calculated from the new correlation are in excellent agreement with

-experimental data on mass and heat transfer to fluid streams.
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INTRODUCTION

The turbulent exchange of momentum, mass, and heat in the vicinity
of a boundary is encountered in many engineering processes. Itis well -
established (8, 11, 22) that in the vicinity of a boundary the turbulent exchange
of momentum, mass, and heat is governed not only by molecular motion but
also by an eddy motion. To predict rates of mass: and heat transfer between a
moving fluid and a wall it is therefore essential to understand the mechanism
of eddy motion in the vicinity of a wall, Unfortunately very-little is known
about the distribution of eddies very close to the wall. In the past, due to the
absence of both theoretical analyses and experimental data for the region close
to the wall,. a number of empirical expressidns have been proposed for eddy-
viscosity distributions near a wall. An excellent review of several such
existing correlations for fully developed turbulent flow in a pipe with constant
fluid properties has been presented by Sherwood (22).

Recently Wasan, Tien, and Wilke (26) pointed out that most of the
proposed eddy-viscosity distributions do not satisfy the theoretical criterion
which states that the turbulent contribution to Reynolds stress uv near the
wall is proportional to yn where n is not less than three, This criterion
~was first derived by Townsend (24). Also,.all the previous analyses are
based on the concept of three sharply defined fluid layers, namely laminar

subla?er, buffer, and turbulent layers. However, according to these
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authors (26), and also Gowariker (9), this concept of three different fluid
layers leads to an unrealistic discontinuity in the value of the eddy-viscosity
function with respect to that obtained from logarithi‘nic distribution in the
turbulent core. Rannie (21) and Sleicher (23) in their analyses avoided this
point of discontinuity, but the eddy-viscosity functions of both of these
authors do not give satisfactory relationships for analogy expressions for
heat and mass-transfer rates for systems with high Schmidt or Prandtl
numbers. From velocity-variation data and from turbulent shear-stress data
of Laufer (16) it is evident that the degree of turbulence in the moving fluid
varies continuously from the wall to the ax.is of a pipe. Hence, the concept of
three distinct fluid layers would appear to be incorrect,

By using the equations of mean motion.and the Well established
empirical logarithmic velocity distribution in the turbulent core, Wasan,
Tien, and Wilke (26) have derived theoretical expressions for the continuous
variation. of velocity and eddy viscosity fér the wall region of pipe flow. The
distributions of these authors fit the experimental data on velocity and turbu-
lent shear stress over the wall région, Their velocity and eddy-viscosity

+

distributions for the wall region (0 <y <20) are presented in Equations (1)

~and (2) as follows:

ut =yt o 1Loax107ty™ 13031070y, (1)
and fv o _ 4.16x10°% y*3 15, 15x1070 (2)
v -4 13 6 +4 °

1-4.16X10""y ~+15.15X10 "y

We present correlations relating the fluid friction and turbulent-

exchange rates of mass and heat over a wide range of Schmidt and Prandtl
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numbers based on these distributions. The corresponding concentration and

temperature distributions for the wall region of pipe flow are also presented.

ANALYSIS

Consider a fully deve_loped turbulent flow of fluid with constant
properties ip a pipe having walls kept at a constant concentra;cion CW or at
a constant temperature TW" Mass or heat is transferred to the fluid stream
both by molecular and by eddy motions, As is customary, the shear stress,

mass-transfer, and heat-transfer fluxes can be written as the sum of

molecular and turbulent fluxes as follows:

Tg. =(p +tpe ) —=, ( 3)

dUu

c v’ dy

- dc
NA—(D+€d)E;: (4)
and q = pcﬁ (k +¢ ) —q'l, {5)
, c’ dy ‘ _

where 7 is the shear-stress at a plane parallel to the wall, NA_ is the mass
flux, and q 'is the heat flux across a piane parallel to the wall.

To solve Equations (3),_ (4), and (5), several ;ssumptions are
usually made.(22) First, in the wall region the shear stress 7, mass-
‘transfer flux NA’ and heat-transfer flux q are assumed to be constant and
equal to the value at the wall. Second, in the fully turbulent region the

variation of shear stress, mass transfer, and heat transfer is such that

7'/NA and 7/q are constant, and molecular viscosity p, molecular

LY
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. diffusivity D and thermal conductivity k can be neglected. Third, in the
- case of mass transfer the -interfacial velocity is assumed to be negligible.

The last important assumption is that eddy diffusivities of momentum ¢

V’
mass e, .and heat ¢. are equal.

Now, by combinations of Equations (3) and (4) and after integration,

for the turbulent region. one obtains

Ca.vg'-'cl - e NAW

-Ua,vg B Ul w 8¢

, (6)

-~where C rand U refer to the,average concentration and velocity
avg Cavg
respectively, and C1 -and Ul refer to concentration. and velocity each

.corresponding to y+ = 20. After combining Equations (1) and (6) one gets

= = P
Ca.vg Cl' Tor & NAW Uavg
‘W Sc

(1-13.0Vf/2), '(7)

where the concentration .Cl corresponding to y+ £ 20 is determined as

follows:

In the wall region Equation (4 ) can be rewritten as

N = W >c [_1__
Sc

B

+
m
P
i SR N
,a
La
)

e

Integration of Equation (8) gives
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G.-C. = AW _dy (9)

Therefore, from Equations (7) and (9) there results

| 4 20
p N N +
. -C.=—"Wy (1-13.0Vi2)+ —2W Yy
avg W TwE avg [l/Sc + e_]
¢ ’ "wéc 0 v
P (10)
But the mass flux N at the wall can be given by the expression

AW

N =k (C -C

AW c ' Tavg W) : (11)

Hence, from Equations (10) and (11) the expression for mass-transfer Stanton

number in terms of Schmidt number and friction factor becomes

k
St = € - f/Z ’ (12)
m 8) 20

avg +
1+ 4/ /2 f dy -13.0
. [1/Sc + ev/v]

- where % is given by Equation (2).
Similarly from Equations (3) and (5) the expression for heat-transfer
Stanton number in terms of Prandtl number and friction factor can be obtained

- a8

st, = /2 ) (13)

1+ \/f/z [F(Pr, 20) -13,0]
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CONCENTRATION AND TEMPERATURE DISTRIBUTIONS

When Equations (8) and (10) are combined, the expression for the

concentration distribution becomes

©-Cw__ F(Sc, y') . (14)
Cave ~ Cw  F(Sc, 20) +V2/f - 13.0
-Similarly the temperature distribution is obtained as

T Tw F(Pr, v) . (15)

Ta.vg - Tw F(Pr, 20) + V2/f -13.0

+
y +

where . F(Pr, y+) = j : dy . (16)

Equations (14), (15), and (16) give the concentration.and temperature distri-
butions in the wall region of a pipe flow.

The functions F(Sc or Pr, y+) and F(Sc or Pr, 20) appearing in
-Equations (13) and (15) involve. the integrals which cannot be solved in closed
forms. These were obtained by numerical integration using Simpson's one -
-third rule with a digital computer. These functions are shown in Table I for

Sc or Pr numbers over a range of 0.1 to 10, 000,

DISCUSSION

In Fig. 1 the function F(Sc, y+) or F(Pr, y+) is shown for the

range of Schmidt and Prandtl numbers from 0.5 to 10,000, Figure 2 shows
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8c_or Pr 1 2 3 LT TTE T 8 10 11 127 7713 1L 15 16 17 18 19 20
0.1 0.1 0.2 0.3 0.4 0. 0.7 0.8 0.9 1.0 1.1 1.2 1.3 77104 1.5 IO LG LT TIVTT 1.8
0.2 0.2 0.4 0.6 0.8 1. le4 1.6 1.8 2.0 2.1 2.3 2.5 2.7 2.8 3.0 3.1 3.2 3.3 3.3
0.3 0.3 0.6 0.9 1.2 1. 2.1 2.4 2.6 2.9 3.2 3.4 3.7 73.5 a4l 4.3 45 4.6 4.1 TalE
0.4 0.4 .. 0.8 1.2 _le6 . 2. 2.8 3.1 3.5 3.9 4.2 4.5 4.8 5.1 5.4 5,6 5.8 5,9 6.0 6.1
0.5 0.5 1.0 1.5 2.0 3. 3.4 3.9 4.4 4.8 5.2 5.6 6.0 6.3 6.6 6.8 1.0 1.2 1.3 1.4
0.6 0.6 1.2 1.8 2.4 3.0 3.6 4.} 4.7 5.2 5.7 6.2 6.6 7.0 7.4 7.7 8.0 8.2 8.4 B.5 B.6
0.7 0.7 1.4 2.1 2.8 3.5 4.1 4.8 5.4 6.0 6.6 7.2 7.7 8.1 78.% 8.8 3.1 9.3 7957 9.6 T 9.T
0.8 0.8 1.6 2.6 3.2 4.0 4.7 5.5 6.2 6.9 7.5 8.1 8.6 9.1 9.6 9.9 10.2 4 10.6 10.8 10.8
0.9 0.9 1.8 2.7 3.6 4.5 5.3 6.1 6.9 7.7 8.4 9.0 9.6 10.1 10.6 11.0 1ii.3 T11.5 1I.7 1i.8 11.9

1.0 1.0 2.0 3.0 _ 4.0 4s9 5.9 6.8 T.T 8.5 9.3 10.0 10.6_1lel 11.6 12.0 12.3 12.6 12.8 12.9 13.0
1.1 1.1 2.2 3.3 4.4 S.4 6.5 7.5 8.4 9.3 10.1 10.9 11.5 12.1 12.6 13.0 13.3 13,6 13.8 13.9 14.0
1.2 1.2 2.4 3.6 4.8 5.9 7.0 8.1 9.1 10.1 11.0 11.8 12.5 13.1 13.6 14.0 14.3 14.6 14.8 14.9 15.0
1.3 1.3 2.6 3.9 5.2 6.4 T.6 8.8 9.9 10.9 11.8 12.6 13.4 14.0 14.5 15.0 15.3 15.6 15.8 15.9 16.0
lo6 lo4 2.8 4.2 5.6 6.9 8.2 9.4 10.6 11.6 12.6 13.5 14.3 14.9 _15.5 15.9 16,3 16.5 16.7_ 16.9 17.0
1.5 1.5 3.0 4.5 5.9 7.4 8.8 10.1 11.3 12.4 13.4 14.4 15.2 15.8 16.4 16.9 17.2 17.5 "17.7 17.8 17.9

leb _Lleb_ 3.2 4.8 6.3 7.9 9.3 10,7 12.0 13.2 14.3 15.2 16.0_ 16,7 _17.3 17.8 18.1 18.4 18,6 18.7 18.8
1.7 1.7 3.4 Sl 67 8.3 9.9 11.3 12.7 '13.9 15.1 16.0 16.9 17.6 18.2 18.7 19.0 19.3 19.5 19.7 19.8
1.8 1.8 3.6 5.4 7.1 8.8 10.4_12.0 13.4 14.7 15.9 16.9 17.7 18.5 19.1 19.6 _19.9 20.2 20.4 20.6 20.7
1.9 1.9 3.8 5.7 7.5 9.3 11.0 12.6 14.1 15.4 16.6 17.7 18.6 19.3 19.9 20.4 20.8 21.1 21.3 2l.4 21.5
2.0 2.0 4.0 6.0 7.9.__9.,8 _11.6 13,2 14.8 16.2  17.4 18.5 19.4 _20.2 20.8 21,3 21.7 22,0 22.2 22.3 _22.4
2.1 2.1 4.2 6.3 8.3 10.3 12.1 13.9 15.5 16.9 18.2 19.3 20.2 21.0 2l.6 22.1 22.5 22.8 23.0 23.2 23.3
202 242 . %4 0.6 __ 8.7 10,7 1247 14.5 16,2 17.6 19.0 20.1 21,0 21.8 22.5 23.0 23.4 _23.7 23.9 24.0 24.1
2.3 2.3 4.6 6.9 9.1 11.2 13.2 15.1 16.8 18.4 19.7 20.9 21.8 22.7 23.3 23.8B 24.2 24.5 24&.7 -24.8 24.9
2.4 264 448 7.2 9.5..100e7._13.8__15.7_17.5 19.1 20.5 2l.6 22.6__23.5 24.1 24.6 25.0 25.3 _25.5 25.7 25.8
2.5 2.5 5.0 7.5 9.9 12.2 14.3 16.4 18.2 19.8 21.2 22.4 23.4 24.3 24.9 25.4 25.8 26.1 26.3 26.5 26.6

2e6____._ 2.6 5.2 Tel 10.2. 12.6..14.9 17.0 18.8 20.5 21.9 23.2 24.2 25.0 _25.7 26.2 26.6_26.9 271.1 27.3 27.%4
2.7 2.7 5.4 8.0 10.6 13.1 15.4 17.6 19.5 21.2 22.7 23.9 25.0 25.8 26.5 27.0 27.4 21.7 271.9 28.1 28.2

2.8 2.8 5.6 ..8.3 11,0 13,6 1640 18.2 20.2 21.9 23.4 24,7 25.7. 26.6_27.3 27,8 28.2 28.5 28,7 28,9 29.0
2.9 2.9 5.8 8.6 11. 4 14,0 16.5 18.8 20.8 22.6 24.1 25.4 26.5 27.4 28.1 28.6 29.0 29.3 29.5. 29.6 29.8
3.0 .. 3.0 6.0 8.9 11,8. 14.5 17.1 19.4 21.5 23.3 24.8 26.2 27.2 28.1_ 28.8 29.4 29.8 30.1 30.3 _30.4_30.9%
3.1 3.1 6.2 9.2 12. z 15.0 17.6 20.0 22.1 24.0 25.6 26.9 28.0 28.9 29.6 130.1 30.5 30.8 31.0 31.2 31.3

2362 3.2 6.4 . 9.5 .12.6..15.5 _18.1. 20.6 22.8 24.6 26.3 27.6 28.7 29,6 .30.3 30.9 31.3 31.6_ _31.8 _31.9_ 32.0
3.3 3.3 6.6 9.8 12.9 15.9 18.7 21.2 23.4 25.3 27.0 28.3 29.4 30.4 31.1 31.6 32.0 32.3 32.5 32.7 32.8

_3.4 3.4 6.8 _.10.1 13,3 1644 19.2...21.8 24.0 26.0 27.7 29.0 30.2.31i.1 31.8 32.3 32.8 33.1 33.3 33.4 33.5
3.5 3.5 7.0 10.4 13.7 16.9 19.8 22.4 24.7 26.7 28.3 29.7 30.9 31.8 32.5 33.1 33.5 33.8 34.0 34.2 34.3
3.6 __.. 3.5 7.2 10.7. 14.1 _17.3 20.3 23,0 25.3 27.3 29.0 30.4 31.6 32.5 33.2 33.8 34.2 _34.5_34.7 _34.9 _35.0
3.7 3.7 7.4 11.0 14.5 17.8 20.8 23.5 25.9 28.0 29.7 3l.1 32.3 33,2 34.0 34.5 34.9 35.2 35.5 35.6 35.7

23,8 .. 3.8 . 7,6 .11.3 _14.9. 18,2 _21.3_ 24,1 26.6 28.6 30.4 31.8 33.0 33,9 34.7 35,2 35.7 36.0 36,2 36.3 36.4%
3.9 3.9 7.8 1l.6 15.3 18.7 21.9 24.7 27.2 29.3 31l.1 32.5 33.7 34,6 35.4 35.9 36.4 36.7 36.9 37.0 37.1
4,0 4.0 8,0 11,9 15,6 19.2 22.4._ 25,3 27.8 29.9 3l.7 33,2 34,4..35,3 36,1 36.6 37.1 37.4 37.6 37.7 37.8
4.1 4,1 8.2 12.2 16.0° 19.6 22.9 25.9 28.4 30.6 32.4 33.9 35.1 36.0 36.8 37.3 37.8 38.1 38.3 38.4 38.5

_%e2 4.2 _B.& 2.5 _16.4 20.).23.4_26.4..29.0 31.2 33.1 34.6 35.8 36,7 _37.5 38.0 38.5 38.8 39.0 39.) 39.2
4.3 4.3 8.6 12.8 16.8 20.5 24.0 27.0 29.6 31.9 33.7 35.2 36.4 37.4 38.2 38.7 39.1 39.5 39.7 39.8 39.9

_%eb. 4.4 8.8 _13.1 17.2 21.0  24.5_.27.6 30.2 32.5 34.4 35,9 37,1 38,1 38,8 39.4 39.8 40.1 40.4 40.5 40.6
4.5 4.5 9.0 13.3 17.5 21.5 25.0 28.1 30.8 33.1 35.0 36.5 37.8 38.8 39.5 40.1 40.5 40.8 41.0 4L.2 41.3

_beb 4.6 9.2 13.6 17.9 21.9 25.5 28,7  31.4 33.8 .35.1..37.2_ 38.4 4 40.8 41, 41.5 41,7 41.9 42.0

4.7 4.7 9.4 13.9 18.3 22.4 26.0 29.3 32.0 34.4 36.3 37.9 39.1 40.1 40.8 4l.4 41.9 42.2 42.4 42.5 42.6
_ 4.8 4.8 9.6 1442 18,7 22.8 26,6 .29.8..32.6 35.0 .36.9 38,5 39.8_40.7 41.5 42.1 42.5 42.8 43.0 43.2 43.3
4.9 4.9 9.8 14.5 19.1 23.3 27.1 30.4 33.2 35.6 37.6 39.2 40.% 4l.4 42.2 42.7 43.2 43.5 43.7 43.9 44.0
5.0 5.0 10,0 148 19.4 23.7 27.6. 31,0 33,8 36.2 38,2 39,8 41,1 42,1 42.8 43.4 43.8 44,1 444 4%.5 44.6
5.1 5.1 10.2 15.1 19.8 24.2 28.1 31.5 34.4 36.8 38.8 40.4 41.7 42.7 43.5 44.1 44.5 44,8 45.0 45.2 45.3
5.2 5.2 10.4 15.4 20.2 24.6 28.6 32.1 35.0 37.4 39.5 4l.1 42.3 43.3 44,1 46.T7 45.1 45.4 45.7 45.8 45.9

Table I. Tabulation of Functions F(Sc, y ) or F(Pr yt )

9650 T-TYON
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10.6 157 gb'6 25.1 29.1 32.6 35.6 38.1- 40.1 41.7 43.0 44.0 44,8 4543 465.8 46.1 46.3 46.5 46.6
5 10.8  16.0 e9  25.5 29.6 3342 3642 38.7 40.7 42.3 43.6 44.6 45.4 46.0 4b.4 46.7 46.9 47.1 47.2
H 11.0 16.3 21.3 26.0 30.1 33.7 3647 39.3 41.3 42.9 44.2 45.3 46.0 46.6 47.1 47.% 47.6 &7.7 47.8
5 11.2 16,6 21.7 26.% 30.6 34.3 37.3 39.9 41.9 43.6 44.9 45.9 46.7 47.2 47.7 4%8.0 48.2 4B8.4 4B.5

!
i

1137169 22.1 26.9 31.1 34.8 37.9 40.5 42Z.5 44,2 45.5 46.5 4&47.3 47.9 4B.3 48.6 4B8.8 49,0 49.1
11.5 17.1 22.4 27.3 31.6 35.3 38.5 41.0 43.1 44.8 46.1 47.1 47.9 48.5 48.9 49.3 49.5 49.6 49.7

11.7 17.4 22.8 27.8 32.1 35.9 39.0 41.6 43.7 a5.4 46.7 &I1.7 48.5 49,1 49.8 49.9 50.1 50.2 50.3
119 17.7 23.2 2842 32.6 3644 39.6 42.2 4443 46.0 47.3 4B.4 49.2  49.7 50.2 50.5 50.7 50.9 51.0

{

12.1 18.0 23.6 28.6 33.1 37.0 40.2 42.8 44.9 46.6 47.9 49.0 49.8 50.4 50.8 Sl.1 51.3 51.5 51.6
12.3 1843 23.9 29.1 33.6 37.5 40.7 43.4 45.5 47.2 48.5 49.6 50.4 51l.0 51.4 517 51.9 52.1 52.2
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12,5 18.6 24.3 29.5 34.1 38.0 41.3 44,0 46.1 47.8 49.27 50.2 51.0 51.6 52.0 52.3 52.5 52.7 52.8
12.7 18.9 24.7 30.0 34.6 38.6 41.9 44.5 46,7 48.4 49.8 50.8 51.6 52.2 52.6 52.9 53.2 53.3 53.4
129771902 25.1  30.%  35.1 39.1 42.4 4501 47.3 49.0 50.4 51.4 52.2 52.8 53.2 53.5 53.8 53.9 54.0
13.1 19.5 25.4 30.8 35.6 39.6 43,0 45.7 47.9 49.6 50.9 52.0 52.8 53.4 53,8 54.1 54.4 54.5 54.6

|

13.3 19.8 25.8 31.3 36,1 40.2 43.5 46,3 48,5 50.2 51.5 52.6 53.4 54.0 54.4 54.7 55.0 55.1 55.2
13.5 2001 2642 31le7 36,6 407 44.1 46.8 49.0 50.8 52.1 5342 54.0 54.6 55.0 55.3 55.6 55.7 -55.8

oo oo o s o

13.7 20.3 26.6 32.2 37.1 41.2 44.6 47.4 49.6 51.2 52,7 53.8 54.6 55.2 55.6 55.9 56.1 56.3 56.4
13.9 20.6 26.9 32.6 37.5 41.7 45.2 4B.0 50.2 51.9 53.3 54.4 55.2 55.8 56.2 56.5 56.7 56.9 57.0

|
~ oo oo o!

14.1 20.9 27.3 33.0 38.0 42.2 45.7 48.5 50.7 52.5 53.9 54.9 55.7 56.3 56.8 57.1 57.3 57.5 57.6
14.3 21.2 27.7 33.5 38.5 42.8 46.3 49.1 51.3 53.1 54.5 55.5 56.3 56.9 57.4 57.7 57.9 58.1 58.2

14.5 21.5 28.0 33.9 39.0 43.3 46.8 49.6 51.9 53.7 55.0 56.1 56.9 57.5 57.9 58.3 58.5 58.6 58.7
14.7 21.8 28.4 34.3 39.5 43.8 47.3 50.2 52.4 54.2 55.6 56.7 57.5 58.1 58,5 58.8 59.1 59.2 59.3

o oo v lo oo 2o oo o

14.9 22.1 28.8 34.8 40.0 44.3 47.9 50.7 53.0 54.8 56.2 57.2 58.1 58.7 59.1 59.4 59.6 59.8 59.9
15,1 22.4 29.1 35.2 40.4 44.8 4B.4 51.3. 53,6 55.4 56.7 57.8 58.6 59.2 59.7 60.0 60.2 60.4 60.5

15.3 22.T 29.5 35.6 40.9 45.3 49.0 51.8" 54.1 55.9 57.3 58.4 59.2 59.8 60.2 60.6 60.8 60.9 61.0
15.5 22.9 29.9 36.1 4l.4 45.9 49.5 52.4754.7 56.5 57.9 59.0 59.8 60.4 60.8 61l.1 61.3 61.5 61.6

15.7 23.2 30.2 36.5 41.9 46.4 50.0 52.9 55.2 57.0 58.4 59.5 60.3 60.9 61l.4 61l.7T 61.9 62.1 62.2
15.9 23.5 30.6 36.9 42.4 46.9 50,5 53+5.55.8 57.6 59.0 60.1 60.9 61.5 61.9 62.3 62.5 62.6 62.7

"16.1 23.8 31.0 37.4 42.8 47.4 51l.1 54.0 56.3 58.2 59.6 60.6 61.5 62.1 62.5 62.8 63.0 63.2 63.3
16.3. 24.1 31.3 37.8 43.3 47,9 51.6 54.6] 56.9 5B8.7 60.1 61.2 62.0 62.6 63.1 63.4 63.6 63.8 63.9

16.5 24.4 31.7 38.2 43.8 "48.4 52.1 55.1| 57.4 59.3 60.7 61.7 62.6 63.2 63.6 63.9 64.2 64.3 64.4%
16.7 24.7 32.1 38.6 44.3 48.9 52.6 55.6| 58.0 59.8 61.2 62:3 63.1 63.7 64.2 64.5 64.7 64.9 65.0

|

16.9 25.0 32.4 39.1 44.7 49.4 53.2 56.2({ 58.5 60.4 61.8 62.9 63.7 64.3 64.7 65.0 65.3 65.4 65.5
17.1 25.3- 32.8 39.5 45.2 49.9 53.7 56.7; 59.1 60.9 62.3 63.4 64.2 6%4.8 65.3 65.6 65.8 66.0 66.1

17.3 25.5 33,2 39.9 45.7 50.4 54.2 57.2! 59.6 6l.4 62.9 63.9 64.8 65.4 65.8 66.1 66.4 66.5 066.6
17.5 25.8 33.5 40.3 46.1 5049 54,7 57.8] 60.1 62.0 63.4 645 65.3 65.9 66.4 66.7 66.9 67.1 67.2

17.7 26¢1 33.9 40.8 46.6 5l.4 55.2 58.3| 60.7 62.5 63.9 65.0 65.9 66.5 66.9 67.2 67.5 67.6 67.7
17.9° 26.4 34.3 41.2 47.1 51.9 55.7 58.8/ 61.2 63.1 64.5 65.6 66.4 67.0 67.5 67.8 68.0 68.1 68.3

18.1 26.7 34.6 4l1.6 47.5 52.4 56.3 59.3 61.7 63.6 65.0 66.1 66.9 67.6 68.0 68.3 68.5 68.7 68.8
18.3 27.0 35.0 42.0 48.0 52.9 56.8 59.9 62.3 64.1 65.6 66.7 67.5 68.1 68.5 68.9 69.1 69.2 69.3

18.5 27.3 35.3 42.5 48.5 53.4 57.3 60.4 62.8 64.7 66.1 67.2 68.0 68.6 69.1 69.4 69.6 69.8 69.9
18.7 27.5 35.7 42.9 48.9 53.8 57.8 60.9 63.3 65,2 66.6 6T.7T 68.5 69.2 69.6 69.9 70.1 70.3 70.4

18.9 27.8 36.1 43.3 49.4 54.3 58.3 61.4 63.8 65.7 67.2 68,2 69.1 69.7 T0.1 70.5 7T70.7 70.8 70.9
19.1 28.1 36.4 43.7 49.8 54,8 58.8 61.9 64%4.4 66.2 67.7 68.8 69.6 70.2 70.7 71.0 T1.2 Ti.4 71.5

o s oo s (o oo oo ejo e le ols oo o |0

19.3 28.4 36.8 44.1 50.3 55.3 59.3 62.4 64.9 66.8 68.2 69.3 70.1 70.8 71.2 71.5 7T1.7 T1.9 72.0
19.5. 28.7 37.2 44.5 50.8 55.8 59.8 62.9 65.4 67.3 68.7 69.8 70.7 71.3 T1.7 72.0 72.3 72.4 12.5
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© O[O0 0|0 V0 V(O V|0 DX ®

-

19.6 29.0 37.5 45.0 51.2 56.3 60.3 63.5 65.9 67.8 69.3 T0.4 7T1.2 7T1.8 T2.3 72.6 12.8 72.9 173.1
19.8 29,3 37.9 45.4 51.7 56.8 60.8 .64.0 66.4 68.3 69.8 70.9 7T1.7 72.3 72.8 73.1 73.3 173.5 73.6

Table I. ( Continued)
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SeorPr 1 2 3 L 3 6 I & 2 1 v 12 13 i 15 B 17 8B 1 20
10 9 19 29 37 45 51 56 60 63 7 66 68 69 T0 T1 T2 72~ 13 T3 73 13
20 19 39 57 72 84, 93 100 105 109 112 114 115 116 117 118 118 119 119 119 119
30 29 58 83 104 119 130 137 143 147 150 152 ~ 154 155 156 156 157 157 158 158 158

40 39 77 109 134 151 163 171 177 181 184 186 188 189 190 - 191 191 192 192 192 192

50 49 96 134 162 181 194 202 208 213 216 218 220 221 222 222 223 223 223 224 224

60 59 114 158 189 209 223 232 238 242 245 247 249 250 251 252 252 253 253 253 253

10 69 133 182 215 236 250 259 265 270 273 2715 2711 278 219 280 280 280 281 281 281

80 19 151 205 240 262 276 286 292 296299 302 303 305 305 306 307 307 307 307 307

90 89 168 227 264 287 301 311 317 322 ~ 325 327 329 330 331 331 332 332 332 333 333
100 99 186 249 288 311 326 335 341 346 349 351 353 354 355 356 356 357 357 357 357
200 196 352 444 493 520 535 545 552 556 560 562 564 565 566 566 567 561 567 568 568
300 291504 614 66T 695 T11l 721 728 132 735 I38 739 T4l 742 T42  T43  T43  T43 743 144
400 385 645 767 822 851 867 877 884 889 892 894 896 897 898 899 899 900 900 900 900
500 477 778908 965 994 1011 1021 1028 1033 1036 1038 1040 1041 1042 1043 1043 1043 1044 1044 1044
600 568 905 1041 1099 1128 1145 1155 1162 1167 1170 1172 1174 1175 1176 1177 1177 1178 1178 1178 1178
657 1026 226 1255 1272 1282 .1289_ 1294 1297 1301 1302 1303 1304 1304 1305 1305 1305 1305

800 746 1142 1286 1346 1376 1393 1403 1410 1415 1418 1422 1423 1424 1425 1425 1426 1426 1426 1426
900 833 1254 1402 1462 1492 1509 1519 1526 1531 1534 1538 1539 1540 1541 1541 1542 1542 1542 1542
1000 919 1363 1513 1574 1604 1621 1631 1638 1643 1646 1650 1651 1652 1653 1653 1654 1654 1654 1654
2000 1726 2318 2482 2545 2575 2592 2603 2610 2614 2618 2620 2622 2623 2624 2624 2625 2625 2625 2626 2626
3000 26457 3129 3299 3362 3393 3410 3420 3427 3432 3435 3438 3439 3440 3441 3442 3443 36443 3643 3443 3443
4 4090 4121 4138 4149 4155 4160 4163 4166 4167 4169 4169 4170 4171 4171 4171 417]1 4171

5000 3759 4517 4690 4755 4785 4803 4813 4820 4824 4828 4830 4832 4833 4834 4835 4835 4835 4836 4836 4836
6000 4346 5130 5305 5370 5400 5418 5428 5435 5440 5443 5445 5447 5448 5449 5450 5450 5450 5451 5451 5451
7000 4900 5704 5880 5944 5975 5992 6003 6009 6014 6017 6020 6021 6023 6024 6024 6025 6025 6025 6025 6026
__8000 5424 6244 6420 6485 6516 6533 6543 6550__6955_ 6558 6560 6562 6563 6564 6565 6565 6566 6566 6566 6566
9000 5921 6754 6931 6996 7027 7044 7054 7061 7066 7069 7071 7073 7074 7075 7076 7076 7077 7077 7077 7077
10000 6395 7240 7417 T48) 7512 7529 1540 7547 1551 7555 7557 1559 7560 T561 7T561 T562 7562 -7563 7563 7563

Table I. (Continued)
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Fig. 2. Plot of F(Sc) vs Sc or F(Pr) vs Pr,
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the calculated &alues of the function F(Sc, 20) or F(Pr,. 20).. For rapid
calculation purpeses the function shown on Fig. 2 can be approximated with a
maxXimum error ofE +2% as follows.:

For turbulent diffusion in gases the function F(Sc, 20) can be

represented by the equation

F(Sc, 20) = 13.0(Sc)? 8%,  where 0.2 <Sc<2. (17)

- For diffusion in liquid streams the following equation.is proposed:

F(Sc, 20) =17.25 (Sc)0° 66, where 100 <:Sc <10, 000 . (18‘)
For the intermediate range of Schmidt and Prandtl numbers the function F
can be given by the equation

F(Sc, 20) = 13.8 (S5¢)?* /!, where 2 <Sc <100. (19)

In Figs, 3 and 4 the proposed mass- and hgat-transfer Stanton-
number relationship is compared with heat- and mass-transfer data of many
workers at Reynolds numbers of 10, 000 and 25, 000. The experimental points |
representing a mean through the data are the ones chosen by Deissler (5)
except fo;c the datum point of Meyerink.and Friedlander (20) which was taken
from their mean curve through the data. The proposed expression agrees
very well with the data over a wide range of Schmidt and Prandtl numbers,

Figure 5 shows a comparison of the values calculated from the
proposed-Stanton number' relationship at a Reynolds number of 50, 000 with
those calculated from the expressions of Deissler, Gowariker, Lin, Moulton

and Putnam, Rannie, and von Karman. It is noted that von Karman's
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Fig. 3. Comparison of present theory with experimental data at a
Reynolds number of 10, 000,
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a Reynolds number of 25, 000,
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relationship gives too low results and Rannie's expression gives too high
results at large Schmidt and Prandtl numbers. However, our correlation
agrees very well with those of Lin, Moulton, and Putnam, and Deissler.
By combinations of Equations (12) and (18), we express Stanton
nurnbe‘r in.terms of Schmidt number and friction factor for large values of

Schmidt number by

St_ =0.,058 £/2 (SC)'O'66 . (20)

It is of interest that the exponent on the Schmidt number as given by Equation
(20) is in agreement with the Chilton and Colburn analogy. (4)

The curves for heat ;.nd mass transfer expressed in the form of
Nusselt numbers are shown in Fig. 6, The Nusselt number for mass transfer

(i.e., the Sherwood number) can be correlated by the following expressions:

(f/2) (Re) Sc

Nu = 5 50 for 0.2 £Sc <2, (21)
1+ /2 [13.0(5¢)% 80 - 13.0]
Nu = (£/2) (Re) (Sc) for 2 <Sc <100, (22)
1+ Vi/2 [13.8 (5¢)% 7L - 13.0]
and  Nu =(0.058) Vi/2 (Re) (Sc)? 34 for 100 Sc <10, 000. (23)

Heat transfer Nusselt numbers can be obtained by replacing Schmidt numbers
by Prandtl numbers in the above expressions. These expressions for
Nusselt numbers are based on the difference between wall and average concen-

tration or temperature.
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or Prandtl numbers,



_18- UCRL-10556

CONCLUSIONS

We show that agreement between predicted values and experimental
data of mass- and heat-transfer rates supports the use of the proposed eddy-
viscosity distribution function. Owur predicted transfer rates agree very well

- with those calculated from Lin, Moulton, and Putnam relationships, which
~are in excellent agreement wi‘th experimental data. Our proposed eddy-
viscosity expression is useful because it applies to the whole wall region of
pripe flow and is developed on a sound theoretical basis, It would also appear
that the previous concept of sharply defined fluid layers is not necessary.

To.calculate mass- and heat-transfer rates, simplified equations in
the form of Equations (17), (18),. and (19) can bﬁz used to predict the compli-
cated functions F(Sc) and F(Pr). Also, simplified equations in the form of
Equations (21), (22), and (23) are proposed to predict heat- and mass-

transfer Nusselt-number relationships.
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NOTATION

concentration of diffusing species

concentration at the wall
N 3
time -average concentration

heat capacity

=. molecular diffusivity

functional notation

conversion constant

thermal conductivity
Nusselt number
Prandtl number
Schmidt number
Stanton number

temperature at the wall

temperature

average temperature

dimensionless velocity

- distance from the wall

y U /v

molecular viscosity
kinematic viscosity
density of fluid
eddy viscosity

eddy diffusivity for mass

eddy conductivity

shear stress at the wall

UCRL-10556



St

St

Stanton number for mass
Stanton number for heat

fluctuating velocity in the axial direction

fluctuating velocity in the radial direction

Reynolds stress

UCRL-10556
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to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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