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Abstract—A semi-analytical correlation for laminar mixed convection in an isothermal, horizontal tube is
developed and found to describe all the available heat transfer data (excluding that of Kern and Othmer) with
an RMS deviation of 11.7% based upon log-mean Nusselt number, 11.09 based on arithmetic-mean Nusselt
number and 9.8%; based on fractional bulk-temperature rise. The fact that the correlation does not describe
the bulk of the Kern and Othmer data is attributed to the correspondingly large Rayleigh numbers, for which
further investigations will be required. Although derived for a large-Prandtl-number fluid, the correlation is
found to equally well describe available buoyancy-dominated heat transfer in air.
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NOMENCLATURE

tube radius;

0.87052, equations (8a) and (8b};

specific heat;

correction factor, equation {(18);

gravity;

Grashof number, gB|AT |a/v?;

heat transfer coefficient;

thermal conductivity ;

tube length;

developing length (in experiments);

mass flow rate;

average Nusselt number, fa/k, with & based
on AT ;

arithmetic-mean Nusselt number (based on
r‘{‘w - Ta);

log-mean Nusselt number {(based on local
T. — T, averaged);

Prandtl number, uC,/k;

Reynolds number, Wa/v;

average of bulk temperatures at inlet and
outlet;

bulk temperature (either local oratz = L,
depending on context);

uniform inlet temperature;

uniform wall temperature;

average axial velocity;

axial coordinate,

Greek symbols

B,

AT,
AT*,
AT,
I

v

’
-

Gn
2
@,

8

coefficient of volumetric thermal

expansion;
T,—Ty;
T, —T.:
Ty, — Ty

dynamic viscosity ;
kinematic viscosity;
z/(a Re Pr);

fluid density;

(Gr Pryt* ¢,

AT /AT.

Subscripts
a, evaluated at T,;
B, buoyancy-induced ;
F, forced-flow induced;
L, evaluated at z = L;
W, evaluated at wall

i. INTRODUCTION

A SURVEY of the heat transfer literature indicates that
the correlations usually recommended for laminar
mixed convection in horizontal isothermal tubes are
those of either Oliver [1], Brown and Thomas [2] or
Depew and August [3], even though none of these
empiricisms describes all the available data particu-
larly well. On the other hand, it has been recently
shown [4] that a composite result based upon the
boundary-layer analysis [5] and the finite-difference
results from refl [6] can correlate the natural-
convection-dominated data in ref. {1-3] quite well.
In the present paper, it is shown that the buoyancy-
dominated, thermal-boundary-layer series expansion
obtained in ref. [4] can be simply expressed in terms of
a single, closed-form result. When this latter natural-
convection-dominated asymptote is combined with
the forced-flow-dominated (Leveque-Graetz) asymp-
tote in the manner of Churchill [ 7], it is found that the
resulting correlation for the log-mean Nusselt number
can describe the data in refs. [1]-[3], together with
those of refs. [8-11], with an overall RMS deviation of
15%,. Further, by empirically adjusting the constants in
the buoyancy-dominated asymptote, the above de-
viation can be reduced to 12%, This represents a
substantial improvement over the correlations from
[1-3] which describe the above-cited data with an
RMS deviation of 25%, 24%; and 24%, respectively.
On the other hand, it is found that the above
proposed correlation does not describe most of the
data of Kern and Othmer [12], with the poorest
agreement (= 35-50% RMS deviation) being with the
data for which the Rayleigh number is greatest {as
large as 2 x 10% based on tube radius, which is
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considerably larger than in the other investigations).
The implication is that a different buoyancy-
dominated mode was present in ref. [12], for which
further independent experimental investigation would
be desirable.

Finally, although the buoyancy-dominated theory
developed in ref. {4, 5] is based upon a large Prandtl
number fluid, it is found that the present correlation
can equally well describe the buoyancy-dominated
data in air reported by Jackson et al. [13, 14].

2. PREVIOUS CORRELATIONS
In considering the various heat transfer correlations
for laminar mixed convection in a horizontal isother-
mal tube, mention should be made of the early study by
Eubank and Proctor [15] which, based upon the then
available data in oils, resulted in the following ex-
pression (in present notation):

0.14
(“> Nuam—0875{~+126

a 5 _ (;L 40 313
[16 ( )Gr Pr(a/L)jr } (1)

McAdams [16] subsequently modified this result as
follows:

0.14
(—1) Nuam—0875{ + 0.04
iua_ él

o] ]

Later correlations, proposed successively by Oliver
{17, Brown and Thomas [2] and Depew and August
[3], are given respectively as follows:

0.4 z
(—i> Nu,. = 0875 {7 + 56 x 1077

u, &

) _ 0,707 13
X [4 (———2 qb)Gr Pr(L/a)} } , (3)
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It is noted that the form of each of the above is
modelled after the earlier semi-analytical result ob-
tained by Martinelli and Boelter [17] (or see ref. [18])
for the vertical tube case. Coincidentally, this form is
the same as that advocated by Churchill 7] for mixed
convection in general, namely

Nu = {Nu + Nud}'?. (©)
Lastly, it might be noted that the Heat Transfer
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Data Book [19], available from General Electric
Company, recommends the following for the present
application :

0.14
(‘uw> Nulm = CHORTZ X (N“F) (73.)
where
— 0.114/¢,
{ uF)lm 83 + 1 +0’04(4J;§L)0.8 { )
and
3 /4 13
Crormiz = {1 + (00083)[8< ¢)GrPr:' fl}
n 2
(7c)

3. NEW CORRELATIONS

As shown in ref. [4], the buoyancy-dominated bulk-
temperature rise in horizontal, isothermal tubes can be
described by the following composite expression,
based upon the results in refs. [5] and [6]:

AT, _ g
AT =¢p= 5
B Y D,d% 070 <0, <60
n=0

{8a)

L <070

where, forn = 1,2,....6
C, = 0.87052, —-0.47363, 0.20615,
—0.07851, 0.02734, —0.00892 {8b)
and,forn =0,1,...,5
D, = 0.00369, 0.80669, —0.31435,
0.066911, —0.0073590, 0.00032559.

In particular, the upper expansion in equation (8a) is
based upon a buoyancy-dominated thermal boundary
layer which interacts with a non-stratified core, as
developed in ref. [ 5], whereas the lower series is based
upon a least-square fit of the finite-difference results
from ref. [6], as rescaled in ref. [4]. On the other hand,
an accurate representation of the forced-flow-
dominated bulk-temperature rise, based upon a com-
posite 4-term Leveque-4-term Graetz expansion, is
given by

{8¢)

4

Z a, f(]fj’b 1)f3’

n=1

£ < E =004
(%a)

4

4
Z da, é(1n+l)'3 + Z bn (e‘x"é‘ - e“’";")a

n=1 n=1
> &
where, forn = 1, 2, 3, 4:

a, = 2.5638, —1.2000, —0.1767, —0.0889, (9b)
and

o, = 3.65679, 22.3047, 56.9605, 107.620, (9¢)
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b, = (1.819050, 0.097526, 0.032504, 0.015440. (9d)

Accordingly, a correlation based upon the above might
be expressed in terms of (Nu),, as follows:

u \0E . o
(A> (Nt = {(Nugki + (Nug)in}' (10)

where (Eﬁ;m and (Xr?ea)m are obtained from equa-
tions (9) and (8), respectively, by using the relationship

_Ind-¢)
2%,

As a simplification of equation (8), it might be noted
that the upper expansion in (8a) can actually be
expressed as a single closed-form term which is
applicable for arbitrary ¢,. That is, as is shown in
Appendix 1, the upper expansion in (8a) can be
replaced by the single term

Ny, =

* Im

(1

; C, -4
¢>B=1—(1+-a,,) (12)
N 4 £
where €, = 0.87052, as in equation (8b). The resuiting
plot of ¢ vs o, based upon (12) is shown by the solid
line in Fig. | whereas corresponding results based
upon equation (8) are shown by the dashed line. Also
presented in Fig. 3 are corresponding Nusselt number
curves which have been generated from ¢. In this
regard, it is noted from equation (11) that
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In particular, then, from equations (12) and (13} it
follows that

Nughy _ (2 C,
W = (&:) In (1 + TO'L). (16)

Finally,in order to possibly improve agreement with
the available data, a generalization of the theoretically
based resulf, equation (16), will also be considered

below, namely
2in (1 + ECG‘L)

= {17a)

ney

(Nug),
(Gr Pr)*#

where n and C will be treated as adjustable parameters
[note: this form is obtained by replacing C, with C in
equation (A.2)and (1 — ¢)"** by (1 — ¢) " “#*"4].In
particular, based upon comparison with the data in ref,
{1-3] and [8-11], the following values have been
chosen:

C=087 n=22 {17b}

4. COMPARISON WITH AVAILABLE DATA

Examination of the literature indicates that the most
pertinent data is that reported in refs. {1-3] and
[8-12]. The operating ranges of these experimental
investigations, listed in chronological order, are given
in Table 1 with Appendix 2 indicating the source of the

Nu""l T = - In(l — ) {13) property values used for the various fluids. Table 2 lists
(Gr Pr) 20, the percentage RMS deviation of these experimental
whereas it can be shown that data with the various correlations in Section 2, as given
. by equations {1)~{3) and (7), and with the three
Nu,, _ 2 ¢ correlations of Section 3, where each of the latter is
= — (14) ‘ © &
(Gr Pry¥ 2-¢ )2, based upon equation (10} with (Nug),, obtained from
and equations {9) and {11) and {Nuy),, based upon either
— equations (8) and {11) or equation (16) or (17),
Nu ¢ (15) respectively.
(Gr Pr)'* 20, The second set of values (in parentheses) shown in
5 v T T T y M T ¥ L. [Xe]
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Fra. 1. Plots of @, Nuy AGr Pn''*, Nu, A(Gr Pry¥/* and Nu/(Gr PriV/% vs o, where the solid curve for ¢
is based on equation {12) and the dashed curve on equation (8); the various Nusselt numbers are derived
from ¢ based on equations {(13), (14) and (15).
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Table 2 corresponds to modifications of the various
correlations as follows. In the case of equations {1)—(5),
the RHS has been multiplied by F, a correction factor
developed in [17] (or see ref. [18]) which purports to
correct for basing the Nusselt number upon the
arithmetic-mean, rather than the logarithmic-mean,
temperature difference and can be expressed as [,
16-18]

(18)

On the other hand, for the case of the correlation based
on equation (7), the bracketed values in Table 2
correspond to replacing equation (7b) with

0.1336/¢,,

(Nuphm = 1.83 + 1+ 0.04 (4/8,)23

(19)
which is an empirical fit developed by Hausen [20] (or
see ref. [21]) for the Graetz solution. In this regard, itis
noted that the General Electric Heat Transfer Data
Book [19] bases the form of equation (7b) upon
equation (15)of Kays [21], a result which corresponds
to the case of a uniform inlet velocity, but then adjusts
the coefficients in order to approximate the case of a
fully-developed inlet velocity. Such a development
seems to have been rather unnecessary, however, given
that Kays [21] himself uses equation (19) for the latter
case.

Finally, the bracketed values for the last three
correlations in Table 2 are based upon replacing
equation (9) by a simpler representation but one which
is more accurate than equation (19). In particular,
following the lead of Worsoe-Schmidt and Leppert

C. A Huser

{22], who considered a similar form for the local
Nusselt number, we assume that

(Nughn = 12828, Fe~Fé 4+ 1828 (1 — e~Feiy)
(20a)

which gives the correct limiting behavior for small and
large £, [compare with equations (9) and (11), noting
that ¢y ~ a, 2% asé, »0and ¢y ~ 1 — by e ""iras
&, — x] irrespective of the values of f§, and f,.
Further, the RMS deviation between equation (20a)
and the ‘exact’ result [based on equations (9) and (11)]
over the range of the reported data, namely 6 x 107*
< ¢, € 0.6, can be made as small as 2.7% by choosing
(B,, B,) to lie within a rather broad domain well
represented by

B, =4.10, B, = 6.75. (20b)

For comparison, it is noted that equation (19) fits
equations (9) and (11) with an RMS deviation of 7.4%,
over the above domain in &, whereas equation (7b) has
a corresponding RMS deviation of 33.3% with respect
to the exact result [ the behavior of (7b) being especially
poor for small £,].

In examining the results in Table 2, it is noted that
the last two rows indicate, respectively, the RMS
deviation relative to the various correlations for all the
cited data and for all the data except that of Kern and
Othmer [12]. Rather surprisingly, it is seen that,
amongst correlations (1)—(5), the first and earliest, due
to Eubank and Proctor [ 15], does the best. Further, it
is seen that use of the F correction factor, equation
(18), improves correlation (1) but worsens (2)-(5). On
the other hand, the correlation based on (7} is seen to
do extremely poorly whereas, by replacing equation
{7b) with equation (19} for the forced-convection term,

40— . T

T T

| i i L paal

—T Y T

AR SR | Y T

LAMRAL BN B S S

L i P WD R S S | i 1 T

.0006 .00 .002 004 o)

&

.02 04 0.1

0.2

Fic. 2. Experimental results (symbols defined in Tables 1 and 2) for (1t,/u,)°** Nuy, vs &, together with
curves for (Gr Pr)*# = 0, 10, 20, 40 and 80 based on equation (10) with {Nug),, based on equation (20) and
{Nug),. on equation {(17). All property values (other than u,) evaluated at T,
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Fic. 3. Experimental results (symbols defined in Tables 1 and 2) for (u/u,)°** (}\—l; hn/(Gr Pr)t® vs o,
together with curves for (Gr Pr)'# = 0, 20, 10, 5 and 2.5 based upon equation (10) with (Nu),, based on
equation (20) and (Nug),, on equation (17). All property values (other than p,) evaluated at T,

the agreement with the data becomes quite good. (The
fact that equation (7) does so poorly suggests that the
result from [19] may contain a misprint.) Lastly, it is
noted that the last three correlations describe the data
quite well when the results of Kern and Othmer [12]
are omitted, with the best correlation corresponding to
the last column of Table 2, which is represented most
simply by equation (10) with (Nug),,, based on equa-
tion (20) and (Nug),,, on equation (17). When the data
from ref. [12] are included, however, the latter cor-
relations do not fare nearly as well, with the poorest
agreement being associated with the transformer oil
and cylinder oil data in the two larger diameter tubes
which, from Table 1, are seen to correspond to the
higher values of (Gr Pr)' <.

A more detailed comparison of the data with the
correlation based upon equations (10}, (17) and (20} is
shown in Figs. 2 and 3. In the former, nominally every
third data point is plotted in terms of {12,,/1t,)° ** (Nt )yrm
vs &, with the indicated curves based upon equations
(10), {17) and (20) for (Gr Pr)*** = 0, 10, 20, 40 and
80. Figure 3 presents analogous results but with
the abscissa now multiplied by (Gr Pr)'* and the
ordinate divided by the same, the curves now cor-
responding to (Gr Pr)'* = +,20,10,5and 2.5. That s,
the lowest curves in Figs. 2 and 3 correspond, re-
spectively, to the forced-convection and buoyancy-
dominated asymptotes such that both should be lower
bounds for the data.

In the case of Fig. 2, it is seen that the (Gr Pr)'* = 0
curve is a pretty good lower bound for the data, It is
noted in particular that the data points { &) of White
correlate extremely well with the forced-convection
asymptote. On the other hand, the largest systematic
departure below the lowest curve in Fig. 2 is seen to
correspond to the heated-glycerol data points (%) of
Oliver, which tend to lie x~15% below the curve.
Moreover, the cooled-glycerol data points (), includ-
ing those not shown plotted, tend to lie 109
above the curve. In fact, if one omits the
{1tw/11,)°** factor in processing the glycerol data, then
the heated and cooled results both collapse very closely
onto the forced-convection asymptote, as has been
shown by Oliver himself (see Fig. 2 of ref. [ 1]). In other
words, the glycerol data of Oliver suggest that the
Sieder-Tate empiricism overpredicts the variable-
viscosity effect in this case.

In Fig. 3, it is seen that the lowest curve forms a
reasonable lower bound for the data excluding that of
Kern and Othmer [12], the bulk of the latter lying
25--50%, below the buoyancy-dominated curve. That
is, whereas the plot of the data from [12] in Fig. 2
indicates heat transfer rates which are as much as four
times as large as for pure forced convection, the plot of
the same pointsin Fig. 3 indicates that the heat transfer
rates are not nearly as large, for the given (Gr Pr)'*
range, as the present semi-analytical correlation would
indicate. In this regard, it is noted that Kern and
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Othmer observed (p. 526 of ref. [12]) that their
measured values for the outlet bulk temperature were
highly susceptible to external vibrations, which tends
to suggest the possibility of some kind of instability.
This supposition is further strengthened by noting
that the poorest agreement between the data in ref.
[12] and the present correlation corresponds to the
larger values of (Gr Pr)' *, with the Rayleigh number
{based on radius) being as large as 2 x 108 Of course,
the situation is further complicated in the present case
by large viscosity variations, with the inlet viscosity
being as much as 100 times larger than the value at the
wall. In any event, since the present semi-analytical
correlation describes the data of all the remaining
investigations quite well, there seems reason to suspect
that the larger Rayleigh number results from ref. [12]
correspond to a buoyancy-dominated structure
which is different from that upon which the present
correlation is based. Evidently, more work in this area
would be appropriate.

As indicated in ref. [4], the data obtained in air by
Jackson et al. [13] (detailed results presented in ref.
[14]) have also been plotted (+) in Figs. 2 and 3.
According to a standard procedure for gases [23], the
property values have all been evaluated at the mean
bulk temperature, as for the liquids, but with no
viscosity-ratio factor multiplying the Nusselt number.
It is to be noted that all the data from [13, 14]
correspond to (Gr Pr)'* lying between 26 and 30, such
that the agreement with the present correlation is very
good, as can be seen most clearly by comparing with
the curves corresponding to (Gr Pr)!* = 20 and 40 in
Fig. 2. That is, even though the present expression for

{Nughy,, is related to a large Prandtl number theory, the
comparison with the data from refs. [13, 14] indicates
that the present correlation can also describe
buoyancy-dominated heat transfer in fluids for which
Pr = O{1}.

Before ending this section, it should be noted that
three sets of data have been omitted in the above
comparisons, namely the shortest-tube data of Sher-
wood er al. [10], the heated oil-A data of Sieder and
Tate [11] and the glycerol-water data of Depew and
August [3]. Of these, the last two have been dismissed
on the basis of internal inconsistencies, with the data
essentially lying in two largely divergent groups in
both cases. For example, for the glycerol-water data, it
can be seen from Table 3 of ref. {3] that the inlet
temperature and the wall temperature are essentially
unchanged in all eleven runs, such that the mass flow
rate {m) is the only independent parameter which is
varied. However, comparison of runs 1 and 7 in Table
3, corresponding to approximately the same m, in-

dicates a Nu,,, in run 7 which is x40% above that in
run 1, with a similar discrepancy existing between runs
2 and 10 at a somewhat larger #i. In the case of the
heated oil-A data, corresponding to runs 43-52 in
Table T of ref. [11], it can be seen that both the inlet
temperature and mass flow rate are essentially un-
changed but the wall temperature is varied. However,
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even though runs 45 and 46 correspond to essentially
the same conditions, the measured bulk-temperature
rise is three times larger in run 45, with similar
comparisons between runs 47 and 48 and between runs
51 and 52 indicating discrepancies by a factor of two in
measured bulk-temperature rise. Given such large
discrepancies, it is difficult to imagine why the original
investigators did not question the reliability of such
data sets. On the other hand, Sherwood er al. [ 10] did
note the anomalous behaviour of the data obtained in
the shortest of their four tubes, attributing this to the
effect of an abrupt contraction at the tube inlet.

At this point it might also be noted that amongst all
the experimental investigators reported above, only
the results of Holden and of White {8] included a
comparison between the heat transfer rates based
upon the bulk-temperature change of the primary fluid
and that associated with the secondary fluid (condens-
ing steam, in those two cases), with runs being
discarded in which the two rates did not agree within
10%,. {(Accordingly, in processing the data of Holden
and of White, the bulk-temperature rise has been based
upon an averaging of the two heat transfer rates.)
Indeed, it seems unfortunate that such a procedure had
not been followed in the other investigations. In fact,
Kern and Othmer noted (p. 525 of ref. [12]) that it was
regrettable that such a check was not feasible in their
investigation “since the water flow at the minimum
steady state permitted a temperature rise of only one
or two degrees”,

_Finally, it should be noted that if the correlation for
& 1m» Dased upon (10), (17)and (20), is transformed into

Nu,,, then the corresponding comparison with the
above data (omitting that from ref. [12]) reduces the
RMS deviation from 11.7% to 11.0%; further, if the
comparison is expressed in terms of Nu or, equivalently,
¢, then the RMS deviation is reduced further t0 9.8%. It
might also be noted that changing the exponent in
eguation (10) from 3 to 2 or 4 results in increasing the
RMS deviation from 11.79] to 14.09, or 12.7%, re-
spectively, indicating that the cubic summation is best in
this case, as advocated also by Churchill [7].

5. CONCLUSIONS
A semi-analytical correlation based upon equation

(10}, with (Nu gk, given by equation (17}and (Nug),, by
equation (20), has been developed which describes the
data in refs. [ 1-3] and [8-11] with an RMS deviation of
11.7%,. Whereas the data in these investigations cor-
respond to (Gr Pr)'* < 44, much of the data in ref. [ 12]
corresponds to larger values of (Gr Pr)! *, for which the
present correlation does rather poorly. Hence, pending
further experimental results in the large (Gr Pr)'*
domain, it seems that the present correlation should be
restricted to (Gr Pr)' ¢ < 44, where Gr is based on tube
radius. Beyond this range, the best laminar correlation
seems to be that of Eubank and Proctor [15], as given
by equation (1), which describes the data in [1-3] and
[8-12] with an RMS deviation of 21% and can be
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further reduced to 19% by multiplying the RHS of
equation (1) by F,, as given by equation (18).
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APPENDIX 1.

CLOSED-FORM RESULT FOR BUOYANCY-DOMINATED
ASYMPTOTE

A perturbation analysis was developed in section 2(d) of ref.
[5] for the interaction between the buoyancy-dominated
thermal boundary layer and an assumed non-stratified core
region. This resulted in a 6-term series expansion for the bulk-
temperature rise as given in equation (8) for ¢, < 0.70.
However, if one converts this result to the log-mean Nusselt

number, making use of equation (11), it is found that Nu,, is
essentially constant over the range of 0 € ¢, < 0.70. This can
be seen from Fig. 1 in which ¢ increases from zero to 437
between o, = 0 and 0.70 whereas, over the same range, Nu,
only changes from 0435 to 0405, In turn, this suggests that a
simpler expansion will result if the various characteristic
quantities are now scaled in terms of AT* = T, — T(z)rather
than AT = T, — Tq

In fact, if one returns to the “intermediate region™ analysis in
section 2(b} of ref. {5] and replaces T, everywhere with T\ {z}
such that the Grashof number appearing in the definitions of
8g and ¥y is now based on [AT*| and the temperature distri-
bution [relative to T,{z)] is now normalized with respect to
AT*, the resulting problem for “f(»)" and “h(x)" remains
unchanged with the circumferentially averaged heat flux given
by equation (2.25) of ref. [5] but where AT and “G” {Gr, in
present notation) are now in terms of AT*. Hence, since AT*>
= AT(l — ¢),itfollows that the net effect is the introduction of
an additional (1 —~ ¢)** factor on the RHS of equation {2.25).
Accordingly, the resulting local energy-rate balance becomes

kA ’
2na {0.43526 kAT (GrPeY 41 — ¢y “J = mC, AT%‘Q
N a dz
A1}
which reduces to
d
-2 _c, (A2)
de
and integrates to
C - d
¢=1—<1+—Z‘-ﬁ) (A3)

In particular, a Taylor series expansion of equation (A3)
about g, = 0 results in

Cio.\? Co\? Cio\*
d’(ﬂt,):CﬂTL“lO( ;L) +20<—17L> —35<~wl;£—!-)
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C s ; w6
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= 0.87052¢, — 04736302 -+ 02061553
— 00785107 + 0.02734a3 — 0.008920% + ...

which agrees with the C, from equation (2.49) of ref. [5}], as
given in equation (8b) of present text, thus obviating the need
for section 2(d) of ref. [5].

APPENDIX 2.

SOURCES OF PROPERTY VALUES

Reducing the data reported in refs. [1-3] and [8-12]
requires values for the density, viscosity, thermal conductivity,
specific heat and volumetric coefficient of thermal expansion as
functions of temperature. For the water runs in refs. [1-3]
there is apparently no problem in this regard. Further, for the
three oils employed in ref. {12}, the authors plot straight-line
curves for log ¢ (1072 gem ™! s~ Yyvs T(°F)and also for C(7),
k(T)and p(T) [actually, specific gravity, which = p(T)/0.999].
However, cross-checking these plots with results in Kern [ 241
[in particular, the specific gravity at 60°F can be used to
determine the °API, based upon equation {14} on p. 4 of ref.
{247, from which one can then determine k{7}and C(T) from
Fig. 1 onp. 803 and Fig. 4 on p. 806, respectively] indicates that
the C{T)curves in Fig. 3 of ref. [ 12] have been mislabelled such
that “transformer oil dist.” and “core 0il” should be switched.
Further, there seems strong reason for suspecting that the u{T}
curves in Fig. 3 of ref. [12] have aiso been mislabelled, since
u{T) typically decreases with increasing °AP1 (as in the case of
the three oils considered by Sieder and Tate [11]), such that
“cylinder oil” and “core oil” should be switched in the u(T)
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plots in ref. {12]. For the three oils in {11}, for which {T)and
the "API are explicitly given, one can generate k(7), C (T} and
(T [hence, B(T)] from Figs. 1,4 and 6 on pages 803, 806 and
809, respectively, of ref. [24]. Further, for the light oil employed
in ref. [ 10], for which 1(T)is tabulated and p at 15°C =~ 60°F is
given, one can use the latter to calculate AP and, hence, K{T),
C(T)and p(T) from ref. { 24]. A similar procedure can also be
employed for the light oil (Velocite B) used by Holden and by
White, as reported in ref. [8].

On the other hand, property values for the glycerol, ethyl
alcchol and glycerol-water solution used by Oliver [1]
together with the ethyl alcohob-water solution of Depew and
August [3] and the glycerol-water solution of Rynalski and
Huntington [9] require more attention. In particular, concern-
ing the most temperature sensitive of the properties, namely the
viscosily, the values have been based upon Segur and Oberstar
{257 for glycerol, upon the CRC Handbook [26] for ethyl
alcohol, on the Ethyl Alcohol handbook [27] for the ethyl
alcohol-water solution of Depew and August [3], on Segur
and Oberstar [25] for the glycerol-water solution of Rynalski
and Huntington [9] and on Oliver [1] for his own
glycerol-water solution. It is noted that Oliver indicates his
solution to have been approximately 80%, by weight glycerol in
water; in fact, by comparing his u(T) values with those of
Newman [28] and his density value at 20°C with those in ref.
[26], it follows that a more exact value would be 77%
glycerol by weight. Further, Depew and August indicate that
their ethyl alcohol was 939, pure by volume, thus suggesting
=94% by weight. Other sources of property values have
included Touloukian {29] for thermal properties of glycerol
and ethyl alcohol, Miner and Dalton [30] for thermal
conductivity of glycerol-water solutions, Bosart and Snoddy
{317 for density of glycerol and its solution together with some
density and coefficients of thermal expansion from Vargaftik
{32] and the Critical Tables [33].

CONVECTION MIXTE LAMINAIRE DAHS UN TUBE HORIZONTAL ET ISOTHERME:
FORMULATION DES DONNEES DE TRANSFERT THERMIQUE

Résumé—Une formule semi-analytique pour la convection mixte dans un tube isotherme et horizontal est
développée pour décrire toutes les données disponibles de transfert thermique (4 Pexclusion de celles de Kern
et Othmer), avec un écart-type de 11,79 basé sur une moyenne logarithmique du nombre de Nusseit, de 117
basé sur la moyenne arithmétique du nombre de Nusselt, et de 9,8, basé sur I'élévation de température
fractionnaire. Le fait que la formule ne décrive pas les données de Kern et Othmer est attribué aux grands
nombres de Rayleigh, ce qui nécessite une recherche ultérieure. Bien qu'établie pour des fluides 4 grand
nombre de Prandtl, la formule décrit aussi bien le transfert dans l'air, dominé par les forces d’Archiméde.

LAMINARE MISCH-KONVEKTION IN EINEM ISOTHERMEN HORIZONTALEN ROHR:
KORRELATION VON WARMEUBERGANGS-DATEN

Zusammenfassung— Fir die laminare Misch-Konvektion in einem isothermen horizontalen Rohr wird eine
halb-analytische Korrelation entwickelt. Diese ist in der Lage, alle verfligharen Warmeubergangs-Daten
(auBer denen von Kern und Othmer) mit einer mittleren quadratischen Abweichung zu beschreiben, die fiir
die logarithmierte mittlere Nu-Zahl 11,7%, fiir die arithmetische mittlere Nu-Zahl 11,09, und fir den
relativen Anstieg der Mitteltemperatur 9,87 betrdgt. Die Tatsache, daB die Korrelation die meisten der
Kern/Othermer-Daten nicht beschreiben kann, ist auf die zugehdrigen hohen Rayleigh-Zahlen
zuriickzufiihren, fiir die weitere Untersuchungen erforderlich sind. Obwohl die Korrelation fir Fluide mit
groflen Prandtl-Zahlen abgeleitet wurde, vermag sie ebenso gut den durch Auftrieb bestimmten
Wirmetibergang in Luft zu beschreiben.

JAMMHAPHAS CMEIIAHHAS KOHBEKLMA B WIOTEPMUYECKOH
TOPH3OHTAJBHOW TPYEE. OBOBHIEHHME AAHHBIX MO TENJIONEPEHOCY

Aunnoraums—Ilosnyuena nonysmnuprdeckas obobuwarowas 3aBHCHMOCTL A8 AAMUHAPHOH CMeLaHHON
KOHBEKLMM B W30TEPMHMECKON FOpH30HTanbHo#l Tpybe M HAMjeHO, YTO C € NOMOWbIO MOXHO
ONMCHIBATL BOE HMEOIMECH AaHHBe no Tennoobmeny (3a nckmouenseM janseix Kepna u Otmepa)
co cpenseksaapaTHinol ommbxoll B 11,79, eciim B OCHOBY NOJOKEHO CpemHEOrapudmmdeckoe
3HaueHue wMeaa Hyccensra, 11,0%-—070s cpenHeapuMATHYCCKOTO 3Havenus umcna Hyccensta u

9.8—npouenTHas omwWMOKA ANA  YBEJHYEHHS TEMNEpPaTypbl

s oObeme. VKazaHHOe HCKIIOUSHUE

obnacHseTcs CONbIUMMM 3HAYEHMAMH ducna Panes n TpeGyer nanpueliuero uccrexosauns. XoTa
3BUCHMOCTD TIOAYMESHA AN KHAKOCTH ¢ GonmbiuuM wucaom [Ipanarns, nokazamwo, 4To OHa Xopowo
ONHCHLIBACT ¥ JaHHBIE IO Tenn000MeHy BO3AYXA NPH CYWIECTBEHHOM BIIMSHEH CHIT NZIABYYECTH.



