The Effect of Artificial Surface Roughness

on Heat and Momentum Transfer

Heat transfer from rough surfaces to flowing fluids is of
interest because of the high heat transfer rates that can
be obtained in equipment of small volume. The increase
in heat transfer rate is generally owing to both an increase
in the area of the surface and an increase in the heat
transfer coefficient. The increase in heat transfer coefficient
is owing to a change in the turbulence pattern close to
the wall brought about by the presence of the surface
protuberances. Unfortunately, the increase in heat trans-
fer rate brought about by roughening a surface is usually
accompanied by a large increase in the energy needed to
move the fluid across the surface; as a consequence the
heat transfer per unit of power consumption is often less
for a rough surface than for a smooth surface. It is there-
fore of economic, as well as academic, interest to deter-
mine what type or types of roughness will produce the
maximum rate of heat transfer per umit of power con-
sumption.

The approach adopted in this study was to consider
a simple type of roughened surface, transverse fins on the
inside wall of a circular pipe, and focus attention on one
single test fin. Arrays of identical fins were placed up-
stream and downstream from the test fin to establish a
developed velocity field at the test fin and to provide a
roughened length over which overall pressure-drop meas-
urements could be taken. The actual experimental system
employed had a test fin, at which heat transfer and form
drag measurements were made, that was integral with
the pipe wall. The arrays of fins on either side of the
test fin were a sliding fit in the circular pipe making it
relatively easy to vary the spacing between consecutive
fins.

The main objectives of the research were to measure
the contribution of form drag to the total forces retarding
flow for different roughness configurations and Reynolds
numbers, and to measure the average heat transfer co-
efficient around a typical single protuberance as well as
the effect of fin height and fin spacing on this average
coefficient. The effect of Prandtl number was also studied.

THEORY AND PREVIOUS WORK

Past work can be classified in terms of the flow regime
in which the studies were made. The term “transition
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regime” refers to flow and roughness conditions for which
the overall friction coefficient depends on both the rough-
ness and the Reynolds number. The term “fully rough
regime” describes conditions where the overall friction
coeficient is independent of Reynolds number and de-
pends only on the roughness.

The effect of wall roughness in conduits on heat and
momentum transfer has been studied by many workers.
Early friction studies were made by Nikuradse (1) and
Schlichting (2}; heat and momentum transfer studies in
the transition flow regime have been made by Stanton
(8), Kemeny and Cyphers (4), Smith and Epstein (5),
and Hastrup et al. (6). For the fully rough flow region,
which is the flow condition which prevailed in the experi-
ments described here, the literature contains reports of
investigations by Cope (7), Dipprey (8), Boelter et al.
(9), Sams (10), Brouillette et al. (11), Nunner (12), and
Koch (13). Both Knudsen and Katz (14) and Atherton
and Thring (I18) have studied fully rough flow in an an-
nulus having transverse fins on the outer surface of the
inner tube. The results obtained by Cope and Dipprey
are not strictly comparable with those of the present in-
vestigation as they did not use a transverse-fin type of
surface.

Boelter et al. used a system consisting of two parallel
flat plates with thin strips of metal soldered to one of the
plates normal to the direction of air flow. Heat transfer
was improved 50 to 200% by the addition of the fins, but
increasing the fin height above one eighth of the channel
width gave little improvement in heat transfer and in-
creased the pressure drop considerably. Brouillette et al.
studied the pressure drop and heat transfer characteristics
of water flowing through copper tubes with internal fins
produced by cutting 60 deg. V-shaped notches in the
inner surface. Friction factors for rough tubes were greater
than smooth-tube values by amounts varying from 15 to
400%. In comparison, heat transfer coefficients were only
15 to 100% greater than smooth-tube values. Both notch
height and number of notches per inch affected the fric-
tion factors whereas for heat transfer the effect of height
was much greater than that of spacing.

Nunner carried out an extensive series of measurements
using circular tubes roughened by means of uniformly
spaced piston rings. The Nusselt numbers calculated by
Nunner increased with roughness up to 2.8 times the
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smooth values. With the assumption that roughness acts
only to reduce the resistance of the turbulent core, the
resistance at the wall being the same as in a smooth
tube, Nunner modified the Prandd- Taylor equation to
obtain the relationship

v/ 2
Nst = fr/

1+ 1.5 (Nre) =18 (Npr) ~V/8 [(Ner) (fr/fo) — 11

The grouping in the denominator (Ner) (fr/fo) reflects
the proposal, which has some experimental support from
Nunner’s temperature profiles, that increasing the rough-
ness in a rough tube has an effect similar to that of in-
creasing the Prandtl number. Koch extended Nunner’s
experiments to large roughness heights and spacings. He
found that for small roughness heights (up to about
e/D = 0.03) the ratios (Nnu)r/(Nnu)o and fr/fo in-
crease almost in direct proportion to one another. A fur-
ther increase in heat transfer obtained using larger fin
heights is obtained at the expense of a large increase in
friction coeflicient. For a given roughness height, the
effect of roughness spacing, in the range 4 < L/e < 20,
on the Nusselt number was found to be quite small.

Knudsen and Katz, with water flowing in an annular
passage containing circular fins on the inside wall of the
annulus, showed the existence of different types of well-
defined eddies between the fins by injecting colored dye
into the water. For ¢/L = 1.0 there was one single eddy
which almost filled the fin space, and for e/L = 2.0 there
were two counter rotating eddies, one above the other.
The annulus investigated by Atherton and Thring had
very small fin spacing, in the range 1.65 < e/L < 5.8.
In this range, the overall friction coefficients increased
as the fin spacing decreased. For constant height and
spacing, the friction coefficient decreased with increasing
fin width.

Wilson (15) measured the velocity field between con-
secutive fins in a large-scale, two-dimensional model of a
circumferentially finned can. His results showed that even
for spacings that were small relative to the fin height
(e/L = 2.8), there was circulatory motion extending
down to the base wall. Harris and Wilson {16) showed
that the variation of heat transfer coefficient around the
fin sides was that which might be expected from the
presence of well-defined eddies between the fins.

The total drag on a transversely finned surface will be
the algebraic sum of the form drag of each fin and the
skin friction forces at the base wall between fins and at
the fin tips. There will also be skin friction forces acting
on the sides of the fins in a direction normal to that of
the main flow. Form drag is owing to the unsymmetrical
pressure distribution around the fins; skin friction is the
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Fig. 1. General arrangement of experimental equipment.
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TABLE 1. RaNGE oF ExPERIMENTAL CONDITIONS INVESTIGATED

Empty diameter of test section, D = 6.065 in.

Fin height = e

Fin spacing = L

Reynolds number range, 10¢ < Nre p < 1.3 X 105
Prandt] number range, 2.8 < Npr < 8.0
Fluid—demineralized water

Roughness Fin height Fin spacing
configuration e (in.) L (in.)
1 1 1.0
2 1 2.0
3 1 3.0
4 1 5.0
5 1 8.0
6 1 13.0
7 1 %)
8 0.75 05
9 0.75 1.0
10 0.75 3.0
11 0.75 5.0
12 0.75 8.0
13 0.75 0
14 0.5 0.5
15 0.5 1.0
16 0.5 3.0
17 0.5 8.0
18 0.5 o0
19 0.25 0.5
20 0.25 1.0
21 0.25 2.0
22 0.25 3.0
23 0.25 00
24 0

shear stress at the surface owing to velocity gradients in
the boundary layers. The analysis carried out in this
study, based on an overall momentum balance in the di-
rection of the pipe axis, provides no information on the
skin frictional force acting in the radial direction. The
radial skin frictional forces will depend on the velocity of
circulation of the eddies between the fins, the rotation of
the eddies being maintained by momentum exchange
with the main stream.

EXPERIMENTAL WORK

The experiments were carried out with circular tubes con-
taining protuberances on the inside wall. A roughened length
with protuberances that were fitted tightly, but were not in-
tegral with the wall, was used to establish the flow pattern and
measure overall pressure drop. These protuberances were
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Fig. 2. Detailed diagram of special protuberance for measuring form
drag.
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formed by spacing annular disks, each 0.088-in. thick, uni-
formly inside a smooth circular pipe at right angles to the
pipe axis. Each roughness element was therefore an internal
transverse circular fin. Special protuberances, each 3/16-in.
thick, integral with the wall, were included in the region of
developed flow to make heat transfer and form drag meas-
urements.

The test sections and the smooth upstream and downstream
sections were constructed from steel pipe having an internal
diameter of 6.065 in. Fin heights and fin spacings used are
given in Table 1, and the arrangement of the experimental
apparatus is shown in Figure 1.

The total loss in energy experienced by the water flowing
through the rough test section, which included both skin
friction and form drag, was measured by means of static-
pressure tubes located at the pipe center line. The distance
between the measuring stations was about 5 ft.

The concept of developed flow, in the sense used to de-
scribe developed flow in a smooth pipe, does not exist with
this type of roughmess. A certain distance downstream from
the beginning of the roughened length, however, the flow will
be developed in the sense that the flow pattern is repeated
identically between each pair of consecutive roughness ele-
ments. If the static-pressure measuring holes are the same
distance behind the nearest roughness element, the true static
pressure drop will be obtained, This condition was closely
approximated for all roughness spacings except the spacing
L = 13 in, For this case a small correction was made on the
basis of the measured pressure gradient along the wall be-
tween two roughness elements.

Form drag was determined from pressure measurements on
the single fin shown in Figure 2. Sixteen pressure taps were
used when the fin was 1 in. high. As the fin was cut to lower
heights some of the original taps were lost until, for the 0.25-
in. high fin, only four remained. Differential pressure readings
were observed on a micromanometer.

The attainment of a developed temperature profile in a
liquid flowing in a 6-in. pipe is difficult experimentally because
of the large energy requirement and was never attempted.
This investigation was primarily concerned with the relative
effect on heat transfer of the different parameters character-
izing surface geometry and not with absolute magnitudes.
Hence it was decided to heat only a short length of pipe wall
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containing 2 typical protuberance integral with the wall, and
determine the effect of Reynolds number, Prandtl number, fin
height, and fin spacing on the average heat transfer coefficient
of this heated element.

Figure 3 shows the single fin used for the heat transfer
measurements. With the 1.0-in. high fin there were twenty
thermocouples embedded in the finned section as shown in
Figure 4. Pairs of thermocouples in each given radial-axial
position were separated by at least 90 deg. to test for possible
angular temperature variations. All thermocouples were made
from number 30 copper-constantan wire.

For heat transfer runs at low fin heights, some of the thermo-
couple sites were removed when the fin was machined down.
The final runs were made with the fin completely machined
off the test section to produce a smooth tube thermal entrance
section.

ANALYSIS OF MEASUREMENTS
Calculation of Friction Coefficients

The pressure drop for flow in the rough tube is repre-
sented in terms of a friction coefficient fr which is de-

fined by

2 8e T

p U2
where 7 is the average resisting stress at the wall made
up of both skin friction and form drag, and U is the
average velocity in the tube and is based on some equiva-
lent diameter. The choice of equivalent diameter affects
the magnitude of the friction coefficient considerably,
because the friction coefficient depends on the diameter
to the fifth power. The results are presented in terms of
a friction coefficient based on the minimum diameter of
the rough tube which is the diameter level with a rough-
ness element, D — 2e. The expression for the overall

friction coefficient using this equivalent diameter be-
comes

fr (1)

apr ge(D— 2e)

fr= ' (2)

X 2p U2p—2e

Fig. 3. Detailed diagram of integral fin for making heat transfer measurements.

Page 696

A.L.Ch.E. Journal

September, 1963



4"0.D. stainless Steel
2 Dia. Hole / Hypodermic Tubing
.To Potentiometer

R

6.\6' = e <— ]‘

" xigg
Rubber Thermocouple C?pper
Gosket 199 jynction \v Pipe
x |10,10" Silver Soldered wall
FLOW To Tube
v
DIRECTION A,11
I3

Thermocoupie Junction Positions
Indicated by x's.

Fig. 4. Positions of thermocouple junctions and method of thermo-
couple installation.

SYMBOL | ROUGHNESS_SPACING, L IN.
O- PRESSURE DROP MEASURED Z =5
WITH STATIC TUBES AT :
CENTER LINE. 2} 80
X 50
®- PRESSURE DROP MEASURED oo 30
WITH SMALL HOLES IN e 20
PIPE WALL v 10
I} l o | _
L—03 o] uuﬂi—g 00— 00 2] a ) @ I
o8l Al ~la ala Axd B s axa
0 Sy AR ¥ vk 2 B . X
X 1%
X
07
T DALC O=—F o B==17%
o6} —15=< g=Fo=T5
fr
.05 v — o
Py e e @ 13 Y
04 |
v 5. Vg 3@ v s \'A "v* VT W=y g % T
03 .
o2 -

o} I0 20 30 40 50 60 70 80 90 100 {0 120 130
Npep X 107> —

Fig. 5. Dependence of overall friction coefficient on Reynolds
number for roughness height, e = 1.0 in.

09
oo\
o7 / 1N
/ \-.\ SYMBOL | ROUGHNESS HEIGHT, & IN.
06 XL By a 10
\ | B o 075
05 S x 05
% lo~ \\;\ o 025
041+ ag = i SMOQTH T
[/ T~ M~
03 e == -y
02
ol
Ol 02 03 04 05 06 07 08 09 10 I 12 I3 14 15
e/ —

Fig. 6. Dependence of overall friction coefficient on the ratic:
roughness height/roughness spacing (102 << Ngep < 105).

Vol. 9, No. 5

A.1.Ch.E. Journal

where Apr is the total pressure drop between the meas-
uring points, Up-g. = 4G/ (7p(D — 2¢)2), and G is the
mass rate of flow.

If a force-momentum balance is written on a length of
rough pipe one sees that the accelerating force is (7D?/4)
(p1—pz). The retarding forces are the total form drag
Dr = n D’r where D'r is the form drag of one roughness
element and n is the number of elements, and the net
force due to shear stress in the direction of flow Ds.z. The

opposing force terms may be equated and solved for the
net skin frictional drag

D2

4

Form drag is defined as the net normal pressure force,
in the direction of flow, acting on the surface of a rough-
ness element. It can be calculated by measuring the pres-
sure distribution around the element and then integrating
the pressure over the total area normal to flow. The pres-
sure at position y on the upstream face of a roughness
element is designated as pyu and on the downstream face
pva. The net pressure force, form drag, on one roughness
element is the algebraic sum of these two forces; that is

D= fAf (pyu— Pyd)dAs (4)

Ds,x =

(pr—p2) —nD'F (3)

The form drag was evaluated by plotting (pyu — pua)
against the normal area As (ft.2), and integrating graphi-
cally using a planimeter. The form drag coeficient fr is
defined by the equation

2gc D'F
fr =

pAsl_sz—Ze
where As is the normal area of one side of a roughness
element. The skin friction coefficient is defined by an

equation similar to that used in defining the overall fric-
tion coefficient

(5)

Aps  ge(D — 2e)
fo = S (6)
X 2 P U2D—2e

In this expression Aps, the pressure drop owing to the skin
frictional drag force is equal to Ds.s/ (#D?/4).

The friction coefficients described above are shown
plotted against a Reynolds number defined as

DUp

14

Nrep =

(7

where Up is the bulk velocity based on the empty 6-in.
pipe.

Calculation of Heat Transfer Cocfficients

The mean heat transfer coefficient for the heated sec-
tion was calculated from the equation

g="hA (Tw—Ts) (8)

The heat transfer rate to the water g is the rate of heat
generation in the electric coils minus the rate of heat loss.
Some heat was lost by conduction axially from the heated
element through the rubber gasket to the adjacent copper
wall. This loss was calculated from thermocouple readings
in the heated element and in the adjacent wall and was
subtracted from the input. The maximum loss by this
mechanism was 7%, but for most runs was of the order
of 2 to 5%. The other loss was from conduction through
the insulation and convection to the surrounding atmos-
phere. This was found to be uniform at about 3% of the
power input and was ignored in calculating the heat trans-
fer coefficients.
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Fig. 7. Pressure distribution around a roughness element for e/L
= 0.

The area in Equation (8) was taken as the internal area
of the heated element. This included the area of the pro-
tuberance (which varied with fin height) and the area of
the 1-in. wide wall section on each side of the base of the
fin, The wall temperature Tw was obtained from the read-
ings on the thermocouples in the fin and wall of the ele-
ment. The value taken for Tw was the mean of the read-
ings, each weighted according to the surface area repre-
sented. The temperature drops between the thermo-
couple locations and the inner surface of the wall were
negligible. The term T» in Equation (8) was taken as
the bulk temperature of the water at the entrance to the
short heated section.

Runs were made at different bulk fluid temperatures
and with different temperature driving forces so it was
necessary to correct the heat transfer coefficients calcu-
lated from Equation (8) for radial variation in physical
properties. This was done by multiplying h by (ww/ps) 914
as suggested by Sieder and Tate (17). The use of this
parameter was found to be valid by the results of experi-
ments in which the Reynolds number, bulk fluid Prandtl
number, and surface roughness were held constant while
the power input was varied.

EXPERIMENTAL RESULTS

Overall Friction Coefficients

The overall friction coefficients were calculated from
Equation (2). Sample results are shown in Figure 5 for
the experiments with 1-in. fins (e/D = 0.165). For this
fin height, as well as for the 3/4-, 1/2-, and 1/4-in. fins,
the friction coefficients were found to be independent of
Reynolds number. The overall friction coefficients for all
four fin heights are shown plotted against the relative fin
spacing ¢/L in Figure 6. At very large spacings (¢/L - 0)
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Fig. 8. Pressure distribution around a roughness element for e/L
= 0.125.
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Fig. 9. Pressure distribution around a roughness element for e/L
= 1.0,

all curves approach the smooth-tube value. The curve for
each fin height passes through a maximum at e/L ~ 1/9
and then falls gradually as the fin spacing decreases. At
very small spacings (e/L - o) the curves appear to
become horizontal, but they must eventually approach the
smooth-tube value also. However, this would not be ob-
served until the spacing approached microscopic dimen-
sions. It would seem likely that for e/L >> 1 the mag-
nitude of the friction coefficient would depend critically
on the shape of the tips of the roughness elements. For
spacings in the vicinity of e/L = 1, the curves appear
to come together being independent of spacing and only
slightly dependent on fin height.

Pressure Distributions

The normal pressure distribution on a fin was measured
for fin heights of 1, 0.75, 0.5, and 0.25 in. and for as
many as seven spacings for each fin height. Only the re-
sults for three spacings using 1-in. fins are shown here,
but these indicate the nature of the results obtained for all
conditions studied.

Figure 7 shows the pressure distribution for a single
fin (e/L = 0). For this situation, which is equivalent to
that obtained with flow through an orifice meter, the pres-
sure on the downstream face was independent of radial
position, and the figure shows the difference between up-
stream and mean downstream pressures plotted against
the dimensionless distance from the base of the fin (y/e).
The pressure on the upstream face is constant over the
lower part of the fin and falls off steeply as the fin tip
is approached.

Figure 8 shows the pressure distribution for a spacing
of 8 in. For this arrangement the pressure was also uni-
form at all taps on the downstream face of the fin for all
flow rates. On the upstream face the curves for low flow
rates are similar to the curves in Figure 7, though the
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net pressures differ substantially when the two systems
are compared at the same flow rate. At high flow rates
the pressure distribution on the upstream face shows two
maxima indicating the presence of a flow disturbance up-
stream.

This shape of pressure distribution was found on the
upstream face of the test fin for the closer spacings of 5,
3 and 2 in., but the magnitudes of the pressures at equi-
valent flow rates decreased considerably. However, for a
spacing of 1 in. (¢/L = 1), a different pressure distribu-
tion was found. In this case the pressure distribution on
the downstream face of the test fin was found to be non-
uniform at all flow rates. For this reason the pressure
distributions are shown for both faces in Figure 9. The
common reference pressure ps referred to in this figure
was the static pressure taken from the static pressure side
of a Pitot tube placed at the pipe center line level with
the test fin. On both upstream and downstream faces the
pressure is high near the base wall and near the fin tips
and passes through a minimum at y/e ~ 0.5. The pres-
sure distributions are not only similar in shape on both
sides of the fin, but also similar in magnitude. In fact,
integration of the readings over the fin surfaces showed
them to be equal, so that the net normal force or fon
drag was found to be zero.

The results obtained with 0.75- and 0.50-in. fins wer:
similar to those obtained using 1-in. fins. In all cases th
form drag decreased from a maximum at L = o to zer
at L = e.

The shapes of the pressure distributions describea
above support the visual findings of Knudsen and Katz
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(14) that well-defined eddies exist between fins in this
type of system. The results indicate that the length of the
eddy which forms behind a fin is certainly five fin heights
long ‘and may be as much as eight. For most spacings
studied the eddy lies slightly downstream from a fin and
there is therefore a region, directly behind the fin, where
the fluid is fairly stagnant. This accounts for the pressure
at the back of the fin being uniform. The one exception
to this, in the range studied, occurs when the fin spacing
is equal to the fin height. In this case the eddy is almost
circular as observed by Knudsen and Katz and completely
fills the space between consecutive fins and therefore
affects the pressure on the downstream face as well.

Form Drag Cocfficients

The form drag for each roughness height and spacing
was evaluated by graphically integrating the pressure dis-
tributions described in the previous section. A form drag
coefficient was then calculated using Equation (5). Fig-
ure 10 shows the results for the l-in. fin. All lines on this
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Fig. 14. Effect of Reynolds numbers on heat transfer coefficient
for all roughness heights and spacings.
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Fig. 15. Effect of Prandtl number on heat transfer coefficient for all
roughness heights and spacings.

figure are horizontal and each line represents the arith-
metic average of the calculated form drag coeflicients for
a given spacing. Similar results were obtained using fins
of 0.75, 0.50, and 0.25 in. in height.

Figure 11 is a cross-plot of Figure 10 and the graphs
{not shown) for the other fin heights. This shows that for
all fin heights the form drag approaches zero as the ratio
e/L approaches one. Even for spacings twice the fin
height, however, the form drag is negligible. For greater
spacings the coefficients become large, especially for the

high fins.

Skin Friction Coefficients

The net skin-friction contribution to the overall pres-
sure drop was calculated from the measured overall pres-
sure drop and form drag data according to Equation (3).
Skin-friction coefficients were calculated using Equation
(6). The results for net skin-friction coeficients were
somewhat scattered, especially for the large fin spacings
where form drag represented a considerable fraction of
the total drag. However, the skin-friction coefficient in-
creased as the fins were placed closer together. The con-
tribution of skin friction to the total pressure drop at a
Reynolds number of 10° can be seen in Figure 12 in
which the ratio fs/fr is plotted against the relative fin
spacing e/L. For e/L = 1 the total pressure drop is ow-
ing entirely to a skin-friction effect. The relative contribu-
tion of skin friction decreases almost linearly as the spac-
ing increases and appears to pass through a minimum at
or below a spacing of ¢/L = 1/13. There appears to be
no effect of fin height on the ratio fs/fr.

Heat Transfer Results

The average heat transfer coefficient around the short
length of heated tube with the integral test fin was meas-
ured for each fin height and fin spacing investigated in
the friction studies. In addition, heat transfer coefficients
were measured for the test section when the fin was com-
pletely machined off; in this case the test section was
simply a short length of smooth tube. The average angu-
lar temperature variation around the heated section was
5 to 7% of the difference between the mean wall tem-

TasLE 2. REynoLps NUMBER AND PRANDTL NUMBER ExPONENTS

Height e in. n m
Smooth section 0.635 0.45
0.25 0.621 0.37
0.50 0.673 0.37

0.75 0.737 —_
1.00 0.650 0.29
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perature and the water temperature. In some runs the
maximum angular variation was 15% and the minimum
1%.

Experimental results on the effect of Reynolds number
for the 1-in. fin are shown in Figure 13. It can be seen
that the effect of altering the fin spacing was negligible
except for a slight decrease in the coefficients for the
single fin (L = o). Figure 14 shows the data for all
fin heights and for all spacings other than L == 0. From
this figure it is apparent that for all fin heights and spac-
ings investigated, the average heat transfer coefficients
around the test element were 70 to 1009 greater than
the corresponding coefficients for the smooth section.

The heat transfer results for the effect of Prandtl num-
ber are shown in Figure 15 for three fin heights and for
the smooth test section.

The best line through each set of points in Figure 14
was obtained by the method of least squares. The lines
are the result of fitting equations of the form

Nnup == a(Nre p)® and Nyup = b(Nps)™

to the data for each fin height. The best estimates of the
values of m and n are shown in Table 2 for each fin
height investigated. The Nusselt and Reynolds numbers
are based on the empty tube diameter (6.065 in.).

The value of the exponent n for the smooth section was
not significantly different from the values of n for the
runs at different fin heights. The exponent m, however,
was highest for the smooth tube and was significantly
lower for the highest fins,

DISCUSSION OF RESULTS

Overall friction coefficients were found to be independ-
ent of Reynolds number for all roughness configurations
and flow rates investigated. This result is in agreement
with results for many types of roughened surfaces with
extreme roughness protrusions, and has been interpreted
as owing to the predominance of inertial over viscous
effects in this type of system. The effect of fin height on
overall friction coefficient depends on the relative fin
spacing e/L. For relative fin spacings in the region of
e/L ~ 1/9, the effect of fin height is large; for relative
fin spacings near e/L = 1.0, fin height has very little
effect on the overall friction coefficient. At a given fin
height, the relative fin spacing has a considerable effect
on the overall friction coefficient: the overall coefficient
is a maximum for e/L ~ 1/9 and a minimum for close
spacings where e/L = 1.0 to 1.5.

The results for form drag provide new information
about the drag forces acting on a roughened surface.
Isolated fins have high form drag but the effect of bring-
ing fins closer together is to reduce the form drag on each.
For the particular type of fin studied here, decreasing the
fin spacing from L = « to L = 10e halved the form drag,
and spacing the fins two fin heights apart caused the form
drag to drop to almost zero. For the case of fin spacing
equal to fin height the form drag on each fin was zero.
This result is thought to be owing to the unique flow
pattern which exists between fins at this spacing.

The difference between overall pressure drop and total
form drag must be owing to skin friction. It is apparent
that the contribution of skin frictional effects to the total
drag is significant over a wide range of relative fin spacings,
and that skin friction is solely responsible for all the pres-
sure drop in the systems with e/L = 1.0. For the par-
ticular case of e/L = 1.0, there is the interesting result
that the skin friction coeflicient is independent of Reyn-
olds number. Now the net skin friction measured in these
experiments was owing to the shear stress at the flat sur-
faces of the tips of the fins and the shear stress at the
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base wall between fins. The direction of rotation of the
primary eddies between fins implies that at least part of
the shear stress at the base wall must act in a direction
opposite to that of the shear stress at the fin tips. Second-
ary eddies in the corners rotate in a direction opposite to
that of the primary eddy and cause a shear stress in the
same direction as at the fin tips. Hence, the net measured
effect will be the algebraic sum of all these effects. The
relative contribution of each will depend on the respective
areas over which the shear forces act as well as on the
magnitudes of these forces.

The heat transfer coefficients obtained are of limited
value for predicting heat transfer coefficients in roughened
systems heated along their entire length. The results do
show that the heat transfer coefficient around a fin (based
on the total inside area and taking into account the tem-
perature drop from the base to the tip of the fin) depends
only slightly on fin height. The results appear to indicate
that heat transfer coeflicients are also independent of fin
spacing, but this may not in fact be true for large spac-
ings when the heat transfer coefficient along the entire
base wall between fins is taken into consideration. The
increase in heat transfer coefficient of 75 to 100% over
the smooth section value is similar to the increase found
in other studies as indicated in the discussion on previous
work. The results show that very little improvement in
heat transfer coefficient is obtained by increasing the
roughness height above about ¢/D = 0.04. For this par-
ticular type of finned surface, further increases in the
roughness height up to e/D = 0.165 can be made with
little effect on the heat transfer coefficient; an increased
heat transfer rate results mostly from the increase in heat
transfer area.

The results for the type of surface investigated in this
study do not fit the form of Nunner’s equation particularly
well. The roughness parameters, fin height and fin spac-
ing, have a much greater effect on overall friction coeffi-
cient than on heat transfer coefficient, and there is no
evidence to indicate that Prandtl number and overall
friction coefficient influence heat transfer in similar ways.
However, for the particular case of ¢/L = 1, heat transfer
and overall friction coefficients are nearly independent of
the roughness parameters in agreement with Nunner’s
equation.

The results indicate that for a practical heat transfer
surface with transverse fins, the fins should be arranged
so that e/L is in the range 1.0 to 1.5. This will insure
that the overall friction coefficient is a minimum. Provided
that the fin height is greater than ¢/D = 0.04, the heat
transfer coefficient will be 75 to 100% greater than the
equivalent smooth-tube value. A greater heat transfer rate
can be obtained by increasing the fin height, the increase
in rate being proportional to the increased internal area.

SUMMARY

A study was made of the drag forces which occur when
water flows over a surface fitted with protuberances. The
effect of protuberances on heat transfer was also meas-
ured.

Measurements were made of overall pressure drop and
the form drag of an individual protuberance. These data
enabled skin friction to be calculated. The effects of
Reynolds number and Prandtl number on the average
heat transfer coeflicient around an integral protuberance
were also determined.

The effect of protuberance height and spacing on form
drag coefficients was considerable. For each protuberance
height, the form drag decreased from a maximum value
for an isolated protuberance to zero for a protuberance
spacing equal to the protuberance height. The effect of
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protuberance height on the form drag coefficient de-
creased as the spacing decreased.

The effect of protuberance height on skin-friction co-
eflicients was very small. At large spacings, the skin-fric-
tion coefficients approached the smooth-tube coefficient.
The skin-friction coefficients increased as the spacing de-
creased and reached a constant maximum value, inde-
pendent of spacing, for spacings closer than the protuber-
ance height.

Heat transfer coeflicients were found to increase only
slightly with protuberance height. Each protuberance
height gave an increase in heat transfer coefficient of
about 75 to 100%. An increase in heat transfer rate with
increasing protuberance height was therefore owing
mostly to an increase in area. The dependence of Nusselt
number on Reynolds number was not significantly differ-
ent from the dependence in smooth tubes. There appeared
to be some effect of the fin height on the relation between
Nusselt number and Prandtl number; the highest fins gave
a somewhat lower exponent on the Prandtl number than
was found using the smooth tube.
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NOTATION
A = total inside area of heat transfer section, sq. ft.
As = normal area of one side of a roughness element,

sq. ft.

a = arbitrary constant

b = arbitrary constant

D = diameter of tube forming the test section, ft.

Dr = total form drag force, lb.

Dr = formbdrag of one roughness element (Equation
4), lb

Ds,z = skin friction drag force in x direction, Ib.;

Dr = total drag force, lb.s

e = height of roughness element, ft.

fr = form drag coefficient (Equation 5)

fs = skin-friction coefficient (Equation 6)

fr = overall friction coefficient (Equation 1)

fr = overall friction coefficient in a rough tube

fo = overall friction coefficient in a smooth tube

G = mass rate of flow, lb.m/sec.

gc = conversion factor, Ib., ft./Ib.s sec.?

h = isothermal heat transfer coefficient, B.t.u./hr. sq.
ft. °F.

L = distance between adjacent roughness elements,
ft.

m = arbitrary constant

Nyup = Nusselt number based on diameter of empty

test section

(Nnu)o = Nusselt number for smooth tube

(Nwu)r = Nusselt number for rough tube

Nre p = Reynolds number based on diameter of empty
test section

Npr = Prandtl number

n = number of roughness elements, arbitrary constant
p = pressure, lb.s/sq. ft.

ps = reference pressure, 1b.s/sq. ft.

Pva = pressure at position y on downstream face of fin
Pyu = pressure at position y on upstream face of fin
pywa = average pressure on downstream face of fin
Apr = overall pressure drop, lb.s/sq. ft.
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Aps = pressure drop owing to skin friction, lb.s/sq. ft.

g = rate of heat transfer, B.t.u./hr.

Tv = temperature of water entering heat transfer sec-
tion, °F.

Tw = average temperature of wall of heat transfer sec-
tion, °F.

U = average velocity of flow, ft./sec.

Up = average velocity of flow based on tube diameter D

Up-z2e = average velocity of flow based on tube diam-
eter, D — 2e, ft.

X = length of measuring section, ft.

x = direction parallel to pipe axis (also used for
length of smooth pipe — ft.)

y = direction perpendicular to pipe axis

Greek Letters

T = average resisting stress at the wall, lb.s/sq. ft.

p = water density, Ib.m/cu. ft.

v = kinematic viscosity, sq. ft./sec.

pw = viscosity of water at temperature Tw, lb.m/ft.
sec.

pb = viscosity of water at temperature Ts, Ib.m/ft. sec.
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Multicomponent Diffusion in Restricted Systems

E. L. CUSSLER, JR., and E. N. LIGHTFOOT, JR.

University of Wisconsin, Madison, Wisconsin

In an earlier communication (1), with the flux equations of Onsager (3). this case, the system consists of two
the authors presented a generalization The techniques used in that presenta- identical cylindrical compartments, orig-
of the Arnold semi-infinite problem (2) tion are extended here to the case of inally filled with uniform multicompo-
to multicomponent Systems, starting unsteady state restricted diffusion. In  nent solutions-of slightly different com-
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