Int. J. Heat Mass Transfer.
Printed in Great Britain

Vol. 33, No. 10. pp. 2133-2143. 1990

0017-9310:90$3.00 +0.00
Pergamon Press pic

The role of transition in determining friction and
heat transfer in smooth and rough passages

N. T. OBOT and E. B. ESEN

Fluid Mechanics, Heat and Mass Transfer Laboratory, Department of Chemical Engineering,
Clarkson University, Potsdam, NY 13676, U.S.A.

and

T. J. RABAS
Energy Systems Division, Argonne National Laboratory, Argonne, IL 60439, U.S.A.

(Received 3 April 1989 and in final form 11 December 1989)

Abstract—Transition can have profound effects on friction and heat transfer in flow passages. According

to the proposed law of corresponding states for friction, different types of roughness elements exhibit the

same behavior for friction at the same reduced conditions, as is the case for smooth passages of arbitrary

shapes. For smooth or rough tubes, it appears that the average heat transfer coefficient decreases with

increasing critical Reynolds number for transition. For non-circular smooth passages, average heat transfer

coefficients can be calculated from the circular tube relations, provided the critical values for friction factor
and Reynolds number are known.

1. INTRODUCTION

TRANSITION, a process whereby the motion of a fluid
changes from laminar to turbulent flow, was suc-
cessfully traced by Reynolds [1] over a century ago.
Although this remarkable process occurs naturally
when the critical velocity and pressure attain some
threshold values, it is also well known that its onset
can be delayed or accelerated markedly. For any par-
ticular condition, be it of a natural origin or one in
which the process is effected by artificial means, the
most notable characteristic of transition is the marked
change in the resistance to flow. Despite the extensive
studies on transition [2, 3], and even though it is of
considerable importance in convective heat transfer,
the underlying physics and the implications of this
phenomenon have eluded complete understanding.
The connection between fluid friction and heat trans-
fer was also postulated by Reynolds {4] and the result-
ing relation is generally referred to as the Reynolds
analogy. Thereafter, the problem of friction and heat
transfer analogy was studied by very eminent re-
searchers and an overview of the many con-
tributions on the subject is given by Colburn [5).
Rather surprisingly, although there are clear indi-
cations that transition can have very profound effects
on surface friction, it does not appear that hitherto
any systematic investigations have been made to
establish the connections between transition and heat
transfer. Consequently, the origin of the differences
among the various results obtained on smooth pass-
ages, or of the anomaly between the magnitudes of
the increase in frictional pressure coefficients and heat

transfer coefficients in the presence of roughness, has
been open to conjecture.

The work described in this paper has its origin in
a re-analysis of the literature on friction in smooth
circular and non-circular passages which resulted in
the formulation of the critical friction method or the
frictional law of corresponding states, as well as the
fundamental requirements for flow similarity {6].
However, it became quite evident that the implications
of transition to friction or heat transfer are far too
important and more numerous than can be inferred
from much that has been written on the subject. It
was with this understanding that the aforementioned
study was extended to include friction and heat trans-
fer in smooth and rough passages. As with the earlier
study, this analysis was carried out using existing
literature data, the complete tabulation of which is
given in ref. [7].

2. FRICTION

2.1. Smooth passages

The critical friction law (or the law of cor-
responding states) asserts that flows having the same
critical Reynolds number and critical friction factor
are dynamically similar to one another [6]. This law
was successfully applied to smooth tubes of arbitrary
shapes. The simple mathematical relations that are
needed to effect such an analysis are given by equa-
tions (1) and (2)

ll’R = Rec.r/Rec.a; .pf =,f;:.r/fc.a (1)
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diameter [m)

d, d, inner, outer diameter of annular space
(m]

e roughness height [m]

f Fanning friction factor

S reduced friction factor, equation (2)

A friction factor for arbitrary condition,
equation (2)

h height of triangular duct [m]

h heat transfer coefficient [W m~2°C~']

k fluid thermal conductivity [W m~' °C ]

L, entrance length [m]

Nu  Nusselt number, AD,/k
Nu,, Nusselt number associated with Re,,

Pr Prandtl number, v/x
p roughness pitch [m]
Re Reynolds number

Re,, similarity parameter or reduced
Reynolds number, equation (2)
Re,  Reynolds number for arbitrary

condition, equation (2)

NOMENCLATURE
a, aspect ratio, w/s s channel spacing [m]
b base of triangular duct [m] w channel width [m].
D, D, diameter, equivalent (hydraulic)

Greek symbols
% apex angle [deg]; thermal diffusivity
[m?s~]
B diameter ratio, d,/d,
u fluid viscosity [Pa s}
v kinematic viscosity [m?s~ ']

o, friction factor ratio, f,/fi,

On ratio of heat transfer coefficient. Nu,/Nu,
Ve ratio of critical f, equation (1)

Ve ratio of critical Re, equation (1).

Additional subscripts

a arbitrary condition

cr critical parameters for reference
condition

c.a  critical parameters for arbitrary
condition

max maximum value

m,s:s smooth duct.

Rem = 'J/R Rea; fm = l/’j./d (2)

In equation (1), R, and f, are the reference values
for the critical Reynolds number and critical friction
factor, while the corresponding critical parameters for
an arbitrary passage are Re, and /.. In equation (2),
the similarity parameters Re,, and f,, are independent
of the length scale used to reduce the data to non-
dimensional form. For rectangular or annular pass-
ages, and with Re., = 2100 as the reference, Yy
decreases with increasing aspect or diameter ratio.
For triangular passages, {/, increases with increasing
height-to-base ratio or with decreasing apex angle in
the case of isosceles channels. For fully developed flow
in smooth passages, the limiting critical (Fanning)
friction factor is about 0.008, provided that the
data are reduced using the hydraulic (or equivalent)
diameter, D..

To shed further light on the application of the law
of corresponding states to flow passages, data for
rectangular, annular and triangular passages (a total
of 500 points) that were presented as three separate
figures in the aforementioned paper have been con-
solidated into a single plot (Fig. 1). The well-known
laminar and turbulent relations, as well as the circular
tube data of Dodge and Metzner [8], are also included
in Fig. 1 for purposes of comparison. The number of
data points for each cross-section is given in par-
entheses in Fig. 1. Given the differences in the relative
entrance length (L./D,), the relative roughness of the
smooth ducts, and the lack of geometrically similar

test conditions, all of which affect the critical Reynolds
number, the results in Fig. | are satisfactorily
consistent.

2.2. Rough passages

It is most instructive to begin this analysis by con-
sidering the effects of roughness on the critical par-
ameters for transition, and the relevant data are sum-
marized in Table 1. To gain more insight into the
influence of roughness on transition. the results of
Koch [10] are reproduced exactly in Fig. 2. For these
results, the pitch-to-height ratio (p e) was held fixed
at 9.8, hence the figure shows the generally expected

17.5 v T Y

T
a

o1 J = Alogre(Remfn) 0.4

0 RECTANGULAR (244) 1
a TRIANGULAR (143)
¢ CIRCULAR {92)
© ANNULI (113)

' L 1 .
1.5 2.5 35 4.5
log1o(Rem/fm)
F1G. 1. Friction factor for circular and non-circular passages.
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Table 1. Summary of critical data for rough passages

Author(s) L/D  f,.x10? Re., ple e/ Roughness geometry
Nunner [9] 0.83" 2510 — — (smooth tube)
(fluid—air) 1.31 1908* 20.0 0.04 transverse rectangular ring
131 19082 200  0.04 inserts
0.95 2537 80.0 0.04 transverse semi-circular ring
50 1.14 2497 20 0.08 inserts with no clearance at the
1.65 2014 5.0 0.08 wall
1.92 1653 10.0 0.08
3.36 1022 20.0 0.08
Koch [10] 4.62 1019 392 0.1
(fluid—air) 3.68 972 9.8 0.1 transverse disc-shaped inserts
3.72 747 65.0 0.1 with no clearance at the wall
47.33 226 3.92 0.2
50 28.88 244 9.8 0.2
57.86 181 26.0 0.25
3.16 1170 9.8 0.045 transverse ring inserts with
7.17 702 9.8 0.075 clearance for flow near the wall
0.80 2944 — — (smooth tube)
(2900)°
Marner and Bergles [11] — 31 1133 6.0* 0.088* forge-fin tubes
(fluid—ethylene glycol)
Knudsen and Katz [12)* 30.9 1.3 1766 — — (smooth)
(Auid—water) 330 1.5 1502 0.952  0.089
42.1 3.0 784 1.15 0.184 helically-finned annular tubes
41.1 2.1 1093 0.513  0.185
50.1 3.9 605 0.730  0.236
529 3.5 666 0.452  0.250
54.3 44 536 0.299  0.269
Watkinson et al. [13] 29.9 3.10 938 10.0 0.097 (1)*
(Auid—oil) 356 2.77 756 13.0 0.105 (2)
43.6 3.21 989 20.0 0.118  (3)
51.6 3.18 949 14.5 0.157 (4) high spiral fins (HSF)
57.1 2.83 693 333 0.144 (5)
24,0 3.44 886 6.0 0.088 (9)
20.1 11.35 731 6.6 0.149 (18)
338 1.65 1464 — 0.099 (11)
52.9 2.18 1299 — 0.148 (13)
429 2.63 1112 — 0.111 (4) high straight fins (STF)
52.5 1.97 1290 — 0.094 (16)
24.1 2.53 1483 — 0.073 (20)
238 2.37 2010 162.2 0.037 (15)
30.5 1.81 1296 206.9 0.037 (17)
19.4 3.71 2127 2420 0.026 (19) low spiral fins (LSF)
24.6 1.93 1482 164.6 0.042 (21)
41.5 1.49 1579 444 4 0.047 (22
41.3 1.54 1478 181.8 0.057 (23)

' The conventional definition of friction factor was not adopted in this study.
?Characterized by the same profile in the laminar and transition regions.

3Smooth tube critical value reported in the original study.
* Values deduced from Watkinson et al. {13] for Tube #9.

5 The characteristic dimension is the hydraulic diameter, D,

= do—di'

¢ Numbers in parentheses correspond to tube numbers in the original paper.

trend with increasing height of roughness. It should
be emphasized that the data of Table 1 as well as those
on Fig. 2 were obtained in the absence of heat transfer
(isothermal conditions). Also, to provide a consistent
basis for viewing of the critical parameters, the charac-
teristic length for the results in Table 1 is the maximum
internal tube diameter. The only exception occurs with
the results of Knudsen and Katz [12] which, due to
the use of annular passages, have the hydraulic di-
ameter as the linear parameter.

From a comparison of the results (Table 1) of
Nunner [9] and Koch [10], both of which were
obtained using the same experimental facility, it may
be noted that Nunner’s f;, data are much lower, while
the values for Re_, are substantially higher, than those
determined from Koch’s results. These cannot be
attributed solely to differences in the details of rough-
ness. Nunner defined the resistance coefficient in terms
of the difference between the conventional pressure
drop and the work due to acceleration; the latter
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F1G. 2. Effect of e/D on resistance coefficient according to Koch [10].

being expressed as a function of both the pressure and
temperature at the inlet and exit of the test section.
Obviously, even for isothermal conditions, with nearly
the same temperature at the inlet and exit, the latter
term always enters into the calculation since the inlet
and exit pressures are unequal. Without data for press-
ure and temperature at the two end points for each
trial, the usual friction factor cannot be established
from his data. Also, the characteristic length in the
Reynolds and Nusselt number was the mean diameter
d,, defined as the equivalent diameter of a smooth
pipe having the same volume per unit length. Using
the d,, values in his paper (cf. Table 2), all of his results
were re-computed using the internal diameter as ref-
erence. Even with this revision, the critical Re values
are still considerably higher than would be expected
for the test conditions. By contrast, in the subsequent
study of Koch, the usual definition of friction factor
was used and the length parameter was the tube dia-
meter. Suffice it to state that using the empirical
relation provided by Koch, it has been estimated that
Re., = 1700 represents the upper limit to the range of
critical Reynolds numbers for Nunner’s test con-
ditions. The results of other investigations (Table 1)
definitely support this view.

A study of the results in Table 1 and Fig. 2 reveals
a number of important trends. The most obvious of
these is that the critical friction factors are con-
siderably higher, while the critical Reynolds numbers
are substantially lower, than the values for smooth
tubes. In other words, ¥, < 1 and ¢ > 1 when the
data are reduced using the internal diameter. In this
regard, it is worthy of note that, if the hydraulic diam-
eter D, were used as the linear parameter, the critical
friction factor can be lower than the smooth tube
value, and the values for Re., would be even lower
than those in Table 1. At this point it is useful to recall
that for smooth passages and with D, (i.e. Y, = 1),
Yr < | for rectangular or annular tubes, but ¥ > 1
for triangular passages.

Another important trend is that f; , increases, while

Re,, decreases, markedly with increasing height of
roughness, regardless of whether one is dealing with
transverse repeated-rib inserts, fins, or spirally ridged
surfaces. From these results it appears that the rough-
ness height is by far the single most important par-
ameter, at least insofar as the influence on transition
is concerned, with moderate effect of pitch. Given the
available data base, the fact that the effects of all
relevant parameters cannot be established definitely
is of little consequence to the present considerations.
It is, however, correct to state that, regardless of the
geometric configuration of roughness or the prevail-
ing local flow conditions (i.e. separation and reattach-
ment, swirl, etc.), the global effect of roughness is to
bring about early transition.

Having discussed the influence of roughness on the
critical parameters for transition, it is necessary to
consider the fundamental requirement for flow simi-
larity which, as noted earlier, asserts that the critical
parameters must be the same. On this basis, it is clear
that the three flows of Fig. 2 are not similar, at least
not for the Re > 700 region, because the onset of
transition occurs at about Re = 702, 1170 and 2944
for e = 3.75, 2.25 and 0 mm (smooth), successively.
To obtain realistic information on the physical situ-
ation, it is necessary to reduce the data using equations
(1) and (2). Accordingly, the original results of Koch
(10] and Nunner [9], which are the most extensive,
have been re-analyzed, and these are shown graphi-
cally in Figs. 3 and 4, respectively, where, in each case,
the reduced friction factor f, is plotted against the
reduced Reynolds number Re,. The fact that Nun-
ner’s definition of the resistance coefficient is different,
and the somewhat higher Re_, values from that study,
do not preclude this general treatment of his data.
Since friction factor is essentially independent of Re
in the fully rough regime, these discrepancies are not
expected to have a marked effect on the qualitative
interpretation of Nunner’s results.

Figures 3 and 4 show that, when reduced according
to the law of corresponding states, f;, in the laminar
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FIG. 3. Similarity plot of f,, vs Re,, using data of Koch [10].

region is almost independent of the geometric details
of the roughness elements and its profile with increas-
ing Re,, is approximated by the smooth tube relation.
In the turbulent regime, it is especially noticeable that,
relative to the smooth tube data, the absolute
increases in f;, are considerably smaller than can be
inferred from the conventional f vs Re plot. This fully
demonstrates that the marked enhancement factors,
as is widely documented in the literature, are inti-
mately associated with transition. For example, where-
as Fig. 2 gives enhancement factors of about 17.5
and 20 for e = 2.25 and 3.75 mm and Re = 50000,
the corresponding f./fns (=@, values from Fig. 3
are about 5.8 and 4.5, respectively. In fact, on Figs. 3
and 4, the largest value for ¢, is no more than 10 at
Re, = 10°. And, further, it is quite evident that f,
depends solely on the geometric parameters of the
roughness.

It should be noted that the p/e = 9.8 results for
e/D = 0.045 and 0.075 (Fig. 3) are for the situation
where a flow path (2.7 mm in width) was provided
between the external circumference of the ring insert
and the tube wall, while for pje = 9.8 and ¢/D = 0.1,
the disc-shaped inserts were rigidly supported on the
inner surface of the tube with no clearance. Also, in
the case of Nunner’s results (Fig. 4), the shape of the
roughness elements and the number of such elements
in a tube were additional parameters. For instance,
with e/D = 0.08, the number of rings for p/e = 10 was
double that for p/e = 20, while that for p/e = 20 was
four times that for p/e = 80 withe/D = 0.04. For these
reasons, it would be unwise to draw any definite con-
clusion concerning the trend with increasing e/D or
ple from Figs. 3 and 4.

From Fig. 3 or 4 the striking evidence is that the
onset of the so-called fully rough regime is almost
definite in character and in value, beginning right after
the end of the transition region. In this regard the
general features of these curves are remarkably similar
to those presented by Nikuradse [14] for the largest

1 See for example, p. 617 of ref. [29).
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heights of sand-grain roughness (Fig. 5). In fact, even
for the relatively small heights of roughness of that
study, where the various curves progressively leave
the smooth profile and where the points of successive
departure vary with roughness height, it appears that
the fully rough regime begins almost at the points at
which the individual curves leave the smooth profile.t
Although many of the curves exhibit maxima and
minima, in line with some of the profiles reported by
Nikuradse, the depressions are such that, in each case,
the error around the mean value is small. The only
exception to this consistent trend can be seen in Fig.
3 for p/e = 3.92 with ¢/D = 0.1 and 0.2. These curves
are characterized by more pronounced maxima and
minima. No definite statement can be made at this
point about these trends.

The assertion that different types of roughness exhi-
bit the same general features is strikingly illustrated
in Fig. 5, which is a comparison of the reduced results
of Fig. 2 with the data of Nikuradse [14]. Given the
structural differences between sand-grain roughness
and repeated-rib inserts as well as the attendant effects
on transition, it would be unwise to draw definite
conclusions concerning the modest agreement that
is evident from this figure in the turbulent regime.
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Nevertheless, the comparison is important in two
respects. First, it provides clearer insight as well as
possible explanation as to why it has been possible to
correlate experimental data using the friction simi-
larity concept advanced by Nikuradse. Second, it sup-
ports an observation that the law of resistance in the
fully rough regime should be of a universal nature for
all pipes [6). Here, the relevant feature is the depen-
dence of f, only on the geometric details of roughness,
a trend that must also be expected for non-circular
passages [12].

3. HEAT TRANSFER

Prior to the presentation and discussion of the heat
transfer data, there are two important comments.
First, for each of the studies used in the following
analysis, the bases for the comparisons and con-
clusions are the smooth duct data for the particular
study. Since the original smooth tube data for some
of the studies were not approximated by the Dittus—
Boelter or Petukhov-Popov correlation, it can be
readily appreciated that the reduced data may not
follow either correlation. Second, in the absence of
the appropriate temperatures for these studies, no
attempt was made to incorporate the Prandtl number
effect.

3.1. Smooth passages
The role of transition in determining turbulent heat
transfer in passages is best illustrated using the modi-
fied empirical Filonenko correlation, equation (3),
and the Petukhov—Popov correlation [15], equation
“4)
S = (1.58 In g Re,—3.28)7* 3)
Nuy, = (fu¥r Re, Pr/2)[1.07
+12.7(f/2)VH(Pr =170 (@)

Equations (3) and (4) are valid for circular and non-
circular passages and, in the case of friction, the alter-
native form of equation (3) is verified in Fig. 1. It
must be noted as a matter of particular importance
that, by the introduction of f,, and Re,, = ¥x Re, into
the well-known Petukhov—Popov correlation, the fun-
damental requirement for similarity for all passages
is satisfied.

For rectangular passages, it is especially noticeable
that Nu,, decreases with increasing aspect ratio for a
given Re based on D., as reported by several inves-
tigators [16, 17]. Likewise, for tubes of annular section
which are characterized by Yy < 1, the Nu, trend with
increasing diameter ratio (f) is the same as noted
above for rectangular channels, and this is definitely
confirmed by the results of other researchers [18, 19].
It is also quite apparent that as § and a, approach
zero and unity, respectively, the Nu,, values approach
those for circular tubes, as might have been inferred
from the general trend for yr; with increasing f or a,

[6].

N. T. OBoT e! al.

Koch and Feind [19] reported data for heat transfer
and frictional pressure coefficients for 0.212 € f <
0.838. The results for the latter were thoroughly dis-
cussed in ref. [6]. For non-dimensional heat transfer
coefficients, laminar and turbulent data exhibited
marked dependence on f, decreasing with increasing
B. Their results have been re-analyzed and the Nu,
vs Re,, plots are given in Fig. 6. To obtain the cor-
rections for the data of Fig. 6(a), the critical
Reynolds numbers given in the aforementioned paper
(cf. Table 4) were used along with the limiting circular
tube Re,, value of 2100. For the lower plot (Fig. 6(b)),
Re.,. = 2719, and this was deduced from the original
data of the authors [19].

For the upper and lower plots, although the results
with and without the central core are almost indis-
tinguishable, it may be noted that the upper data set
are about 25% higher than, while the lower are closely
approximated by, equation (4). Figure 6(b) indicates
that, to calculate heat transfer coefficients for ducts of
arbitrary shapes, equation (4) can give satisfactory
results provided the appropriate critical parameters
(¥, ¥r) are used to account for the role of transition.
The closeness with which the data for all § are
approximated by a single regression line also supports
the view that heat transfer coefficients decrease with
increasing Re.,. The trend on Fig. 6(a) also establishes
the importance of determining the Re_, value for any
particular duct geometry.

For triangular passages, ¥z > | and Re, increases
with increasing h/b (or with decreasing apex angle in
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the case of isosceles ducts) for a given Reynolds num-
ber based on D.. Consequently, Nu, values can be
substantially greater than for circular, rectangular or

ilar aanmatry wn
annular geometry with the same Reynolds number.

For instance, using the o (apex angle) = 38.8° data in
ref. [6] which gives ¥x = 1.197 and for Re = 80000
(i.e. Re, = 95760), Nu,, is about 163, which is about
15% higher than with a circular tube. In fact, for
the same Re, the calculated value for the narrowest,
x = 4.01° passage (Nu,, = 196) is about 40 and 60%
higher than fora cylindrical and rectangular (a, = 10)
geometry, respectively.
calculations is Pr = 1. This observation of great prac-
tical importance, though clearly at variance with the
heat transfer results of Eckert and Irvine [20] or
Tokarev [21], is not altogether surprising for several
reasons. In the first place, to maintain a fixed
Reynolds number the average flow velocity must rise
with increasing h/b, due to the reduction in flow area.
Furiher, the critical Re attains its lowest value for
these narrow passages [6] and, even at such relatively
low Re, the coexistence of laminar and turbulent
flow [22, 23] should cause a marked improvement in
heat transfer over that for completely laminar flow.

cammnan hasia far thaca

158
I. HC CoOMmon o04asis 10r uidsc

3.2. Rough passages

In order to gain clearer insight into the influence of
transition on heat transfer, some of the resuits of
Koch {10] for which the critical Reynolds numbers
were determined precisely have been re-analyzed and
these are shown on Fig. 7 where Nu, is plotted against
the reduced Reynolds number, Re,. It should be

emphasized that as with Fig. 6, the corrections have

emphagized that as with F the corrections ha
been applied only to the famlhar Reynolds numbers.
The e = 2.25 and 3.75 mm data, for which the friction
results were given in Fig. 2, correspond to those for
e/D = 0.045 and 0.075, respectively, and these are
almost coincident with the smooth tube data. The fact
that some of the reduced data lie moderately above
and below the smooth tube data does not matter, since
the transition parameter (¥/;) is based on isothermal

friction data. Slnce g varies according to whether the
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fluid is being heated or cooled and with the tem-
perature difference between the surface and the fluid
[24], it must be expected that whatever might be the
effects of heat transfer on g, these must be more
‘pfOﬁGUﬁCﬁu for fﬁ‘ligu than for smooth passages.
Figures 8 and 9 which are alternative representa-
tions of the results of Nunner [9] and Blackwelder and
Kreith [25] complement one another in that, unlike
the use of Y, values deduced from isothermal friction
factor data, the ifx values for these results were deter-
mined from the heat transfer data. In principle, this
would be one of the preferred methods for deter-
mining g because it eliminates its dependence on
heat transfer (heating or cooling) and temperature.
The difficulty, however, is that when Re,, is unusually
low, as was the case with some of Koch’s test
conditions, it becomes almost impracticable to obtain
accurate heat transfer coefficients at such low flow
rates. Whereas Nunner used repeated-rib inserts
(Table 1), Blackwelder and Kreiih tested twisted tape
inserts and the reiative lengths (p./D), where p, is the
length required for a 360° rotation of the tape, are
given on Fig. 9. In each case, it may be noted that
virtually all of the reduced data lie in a band about
+15% around the smooth tube data, fully supporting
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the view that good estimates of average heat transfer
coefficients can be made provided values of the critical
Re for transition are known.

Another study uncovered during the exhaustive
literature search, that by Knudsen and Katz [12], dealt
with heat transfer and pressure drop in annuli with
transverse fins. The significance of this study relates
to the use of water as the working fluid, in contra-
distinction to the air studies of Figs. 7-9. Another
distinction between the air and water studies relates to
the use of annular passages instead of circular tubes,
inasmuch as the analysis should provide at least par-
tial verification of the law of corresponding states for
rough passages of arbitrary shapes.

Since the smooth duct relative entrance length
(L./D.) of Knudsen and Katz was 31.0, not sufficiently
long to give fully developed flow for their well-
rounded entrance, and since the critical Re was about
1770, it was necessary to establish a reference fully
developed flow value for a passage of § = 0.278. Using
isothermal friction factor results presented in Fig. 7
of their paper, this reference Re,, was estimated to be
2989, and it corresponds to the value at which the
critical friction factor attains the smooth duct value
of 0.008. It may be noted that the above Re_, value
is not significantly different from that (Re., = 2873)
determined from the results of Koch and Feind [19]
for § =0.212 and L./D, = 50 [6]. The reduced data
for the smooth and finned tubes are presented in Fig.
10. In the absence of the Pr value for each test trial,
the ordinate (Nu,,/Pr®?) is the same as in the original
paper. Again, the outcome of the analysis is essentially
the same as charted already in Figs. 7-9, with about
a +20% spread around the authors’ smooth tube
data.

It is quite evident that, in each of Figs. 7-10, most
of the reduced data lie in a band about + 15% around
a regression line for the smooth tube data. From a
careful analysis of the results presented in Koch [10]
for a range of conditions, it appears that the reduced
data may lie well below the smooth data for certain
values of Re.,. Whether there exists a definite Re,,
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range below which the Nu, data would deviate
markedly from those for smooth tubes, or how far
down the Reynolds number scale such a value may
occur, is difficult to ascertain from the results available.
Suffice it to state that the existence of such a limiting
critical Reynolds number would not in any way
weaken the general conclusion regarding the decisive
role of transition. Bearing in mind that the ratio
Nu,,/Nu, will always vary from slightly above to below
unity, such information may be useful in the assess-
ment of the thermal efficiency of various roughness
geometries.

In summary, the general trends on Figs. 7-10 imply
several things. First, they indicate that the increases
in heat transfer coefficients may be closely associated
with transition from laminar to turbulent flow.
Second, they suggest that heat transfer coefficients for
rough passages can be estimated from the smooth
tube data provided the critical Reynolds numbers are
known. Finally, it appears that the familiar Reynolds
number (Re) dependence in the turbulent regime is
not markedly different from that for smooth tubes.

To shed further light on the connection between
transition, friction and heat transfer, the results of
several investigators are presented differently on Fig.
11 where @ mux (= Nt/ Nug)n,. is plotted against ¢,
(=/fn/fms)- Naturally, since the smooth duct friction
factor (f,) decreases with Re, for turbulent flow,
with a nearly constant f, for a given set of roughness
geometry, an arbitrary value of Re, = 50000 was
used for calculations of ¢, In going from Re, =
50000 to 100000, f,,, changes by no more than 20% ;
hence the use of the latter Re,, value does not modify
the trend on this figure. Since Nu,/Nu,— 1 (Figs.
7-10), it was considered more practical to define ¢y, .,
using Nu, and Nu,.

Figure 11 shows some scatter, but nothing that is
unexpected considering the differences between the
three studies, the lack of geometrically similar test
conditions, the dependence of y,and y, on heat trans-
fer and surface temperature and the difficulties associ-
ated with accurate determination of the effect of duct
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geometry on transition. It is nevertheless a fact of
considerable importance, that @y, .., attains a value of
no more than 5 for 1 < ¢, < 9. As to whether there
should be a unique relation between £, and Nu, or
between ¢y, s and g,; although no relation of a gen-
eral nature can be established from Fig. 11, the trend
on thiy figure clearly suggests that a definite relation
might result from systerpatic measurements.

4, DISCUSSION

The numerous observations on the effects of tran-
sition on heat transfer coeflicients for smooth and
rough passages can best be integrated with the help
of Fig. 12, which is a plot of ¥, = (f.Jf..) vs
frp = (Re,,/Re.,) using the data of Table 1. A few
results for smooth rectangular, annular and triangular
passages from ref, [6] and the three data points
obtained by Hartnett er ol [26] with a smooth
entrance are also included in Fig. 12. Since ¥ (ie.
Ffoolfes) Is nearly unity for smooth passages {6], these
data are located along ¥, = 1. For clarity, the data
have not been identified according to the aspect, diam-
eter or height-to-base ratio. It is important to note,
however, that the focal point on this figure is (¢
wr) = (1,1} and this corresponds to fully developed
flow in a circular tube with & limiting Re,, = 2100,
The aspect {or diameter) ratio of the smooth passage
is increasing with decreasing th,, while the trianguiar
duct height-to-base ratio is increasing monotonically
with ¥y, from this focal point.

In terms of (Y, Yg), the parametric description of
the heat transfer process amounts to this: heat trans-
fer coefficients are higher than smooth circular tubes
for ¥, < 1 and g > 1, while the trend is exactly the
oppasite for Y, 2 1 and ¢ < 1. It is especially notice-
able that smooth triangular passages produce an effect
on transition (g > 1) which is simifar to that due o
roughness, fully supporting the conclusions in Section
3.1 on the smooth duct heat transfer trends. In this
paper, the situations: ¥, €1, Yo 21 and ¥,=1,
¥z < | have been addressed satisfactorily. The con-
dition, ¥, > 1 and ¥p < 1, is a special case and this
corresponds to the situation where special precautions
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are taken to delay transition. No improvements in
heat transfer should be expected for > 1 and
Yz < 1, and this has been confirmed by numerous
results {27, 28]. We are therefore lad to the following
conclusion: to alter the existing heat transfer for a
given set of conditions, be it in the direction of higher
or lower rates, it may be necessary to change the
gritical Reynolds number or critical friction factor for
transition. In passing, it is of interest to note that the
data of Martnett er ol for a very smooth e¢ntrance
do not lic far from the extrapolated regression line
obtained using the data of Koch [10], suggesting that,
if systematic measurgmenis were made, a relation
between i, and §x may exist for all situations where
the onset of transition is effected artificially.

In general. the conditions of the local flow over
roughness elements depend, to a large extent, only on
the geometric details of the elements. For transverse
protrusions or grooves, the dominant features are sep-
aration and reattachment, while visual studies have
confirmed the existence of flow rofation and sep-
aration for spirally-ridged surfaces, From much that
has been presented so far, it appears that the geometric
parameters of roughness, in determining the pre-
vailing local flow conditions, also produce a global
effect on transition, in a manner that is consistent
with the well established influence of single and two-
dimensional roughness in incompressible boundary
layer flows {29].

5. CONCLUSIONS

The determination of the role of transition on
friction and convective heat transfer, which was the
objective of this apalysis, has been accomplished
satisfactorily. The most important observations are
as follows,

(1) Transition can have a marked effect on the
attainable friction and heat transfer coefficients in
smooth and rough passages.

{2) According to the frictional law of corresponding
states, different types of roughness exhibit the same
general features at the same reduced conditions. The
onset of the fully rough flow regime is almost definite
in value and character, beginning right after the tran-
sition region.

{3) For rough passages, the marked increases in
frictional pressure coefficient are intimately associated
with early transition and, when this role of transition
is accounted for, the reduced friction factors are con-
siderably lower than the values deduced from the con-
ventional f vs Re plot.

{4} For heat transfer, there are indications that the
lower the critical Reynolds number for transition, the
greater the average heat transfer coefficients, regard-
fess of whether the passage is smooth or rough.

{5} For smooth paseages, average heat transfer
coeflicients may be greatest with triangular passages,
lowest with ducts of annular or rectangular geometry,
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but intermediate values should be expected for cir-
cular tubes.

(6) For rough passages, there are clear indications
that estimates of the average heat transfer coefficient,
that are quite satisfactory for design purposes, can be
obtained from the smooth tube data by replacing the
familiar Reynolds number (Re,) with the reduced
value (Re,,) computed from Re,, = Y Re,.
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LE ROLE DE LA TRANSITION DANS LA DETERMINATION DU TRANSFERT
THERMIQUE ET DU FROTTEMENT DANS DES PASSAGES LISSES ET RUGUEUX

Résumé—La transition peut avoir des effets profonds sur le frottement et le transfert thermique dans les
passages d'écoulement. En accord avec la loi proposée des états correspondants pour le frottement,
difféerents types d’éléments de rugosité montrent le méme comportement, pour des mémes conditions
réduites de frottement, que dans le cas des passages lisses de forme arbitraire. Pour des tubes lisses et
rugueux, il semble que le coefficient moyen de transfert thermique diminue quand le nombre de Reynolds
critique de transition augmente. Pour des passages lisses non circulaires, les coefficients moyens de transfert
thermique peuvent &tre calculés d partir des relations du tube circulaire, si les valeurs critiques du coefficient
de frottement et du nombre de Reynolds sont connues.

DIE BEDEUTUNG DES UBERGANGS BEI DER BESTIMMUNG VON REIBUNG UND
WARMEUBERGANG IN GLATTEN UND RAUHEN STROMUNGSKANALEN

Zusammenfassung—Der Ubergang kann einen spiirbaren EinfluB auf Reibung und Wirmeiibergang in
Stromungskanilen haben. Entsprechend dem vorgeschlagenen Gesetz der korrespondierenden Zustinde
fiir die Reibung zeigen unterschiedliche Rauhigkeitselemente dasselbe Verhalten im Hinblick auf die
Reibung bei denselben reduzierten Zustinden, wie dies auch bei glatten Kanilen beliebiger Form der Fall
ist. Fiir glatte und rauhe Rohre scheint der mittlere Wirmeiibergangskoeflizient mit steigender kritischer
Reynolds-Zahl im Ubergangsbereich abzunehmen. Fiir glatte Strémungskanile, die nicht kreisrunden
Querschnitt besitzen, kann der mittlere Wirmeiibergangskoeffizient aus Berechnungen fiir das kreisrunde
Rohr ermittelt werden, und zwar fiir den Fall, daB die kritischen Werte fiir den Reibungsbeiwert und die
Reynolds-Zahl bekannt sind.

POJIb YCJIOBUY NMEPEXOJA IMPU OMPEAEJIEHUU KO3OOHLMEHTOB TPEHUS U
TEIUIONMEPEHOCA B KAHAJIAX C I'MAAKHUMH U LIEPOXOBATBIMU CTEHKAMH

AHHOTaIMS— Y C/IOBHA NEPEXOa JIAMHHAPHOIO TeYeHUsl B TYpOYJIEHTHOE OKa3biBAlOT 6oJibLIOE BJHAHKE
Ha TPEHHS H TEILIONEPEHOC B kKaHanax, CorjacHo NpeaiokeHHOMY 3aKOHY COOTBETCTBEHHBIX COCTORHUH
IS TPCHHA PasJIM4YHbIC THIBI JIEMCHTOB LIEPOXOBATOCTH B KaHAJAX OKa3bIBAIOT Takoe e BAHAHHE HA
TpeHHE NP MOCHTHYHLIX NPHBENCHHLIX YCNOBHAX, Kak M B CIY4ae raJKHX KaHAJIOB NMPOH3BObHOH
¢dopMsel. 1% rAagkuX H WIEPOXOBATHIX KAHATOB OKa3bIBACTCA, YTO cpednuii koadduuHeHT Tentonepe-
HOCa YMEHBILIACTCA C YBEJMYCHHEM KPHTHYECKOro 3HAUCHHA uHcia PeftHonbaca. B ciyvae Hexpyrasix
TNafKHX KaHAIoB cpeaHHi x0X(pHIMEHT TEMnonepeHoca MOXHO PACCYHTATh MO COOTHOIIEHMSM LT
KPYr/bix TPY6 MpH yCIOBHMH, YTO KDHTHYECKHE 3HAa4YeHHA xodpduunenTa TpeHHs M uucia Peitnoasaca
H3BECTHBL
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