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Ahstratt-A semi-analytical correlation for laminar mixed convection in an isothermal, horizontal tube is 
developed and found to describe ah the available heat transfer data (excluding that of Kern and Uthmer) with 
an RMS deviation of 11.7?; based upon log-mean Nusseit number, 1 l.F/G based on arithmetic-mean Nusselt 
number and 9.Sl; 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 thecorrespondingly 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. 

kOMENCLATURE Subscripts 

tube radius; 
0.87052, equations @a) and (Sbf; 
specific heat ; 
correction factor, equation f 18) ; 
gravity : 
Grashof number, &jATfa3/t~’ ; 
heat transfer coefficient ; 
thermal conductivity ; 
tube length; 
developing length (in experiments); 
mass flow rate; 

average Nusselt number, &z/k, with hbased 
on AT; 

a, 
B, 

F, 
L 
w t 

evaluated at T, ; 
buoyancy-induced ; 
forced-flow induced ; 
evaluated at z = L; 

evaluated at waif. 

arithmetic-mean Nusselt number (based on 
7-, - T,); 
log-mean Nussett number (based on local 
T, - T,, averaged); 
Prandtl number, .&,ik ; 
Reynotds number, WG/V; 
average of bulk temperatures at inlet and 
outlet; 
bulk temperature (either local or at z = t, 
depending on context); 
uniform inlet temperature ; 
uniform wall temperature; 
average axial velocity; 
axial coordinate. 

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 [I], 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 [S] and the finite-difference 
results from ref. [6] can correlate the natural- 
~onvectioll-domjnated data in ref. [t-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. [l]-[3], together with 
those of refs. [8-l I]* with an overall RMS deviation of 
157$ 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 
[l-3] which describe the above-cited data with an 
RMS deviation of 25%, 24% and 24”/,, respectively. 

Greek symbots 

& coefficient of volumetric thermal 

expansion ; 
AT, Tw - To; 
AT*, T, - T,: 
AT,. T, - To; 

P. dynamic viscosity; 
“, kinematic viscosity; 
r 
c. ~/‘(a Re Pr) ; 

P% fluid density ; 
6, (Gr Pr)’ ’ t ; 

4 AT,;AT. 

1. INTRUDUCTlON 

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 ( *35-505: RMS deviation) being with the 
data for which the Rayleigh number is greatest (as 
large as 2 x lO*, 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, 51 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. 113, 141. 

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): 

McAdams 1161 subsequently modified this result as 
follows : 

(2) 

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

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 

311 3 
Nu = {Nit; + Nu,( . (6) 

Lastly, it might be noted that the Heat Transfer 

Data Book [19], available from General Electric 
Company, recommends the following for the present 
application : 

where 

VW 

and 

c,,,, = {1 + ~$)[R~+)GrPrli*:,.jl’3 

(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. ES] and [6] : 

where, for n = 1, 2, . . ., 6 

C, = 0.87052, -0.47363. 0.20615, 

-0.07851, 0.02734, -0.00892 (8b) 

and, for II = 0, 1, . . ., 5 

D, = 0.00369, 0.80669, -0.31435, 

0.066911, -0.0073590, 0.00032559. (8~) 

In particular, the upper expansion in equation (Sa) 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 resealed 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--Q-term Graetz expansion, is 
given by 

.,i, a, rt+ ‘)‘3, 5,. < 5, s 0.04 

4F = 
.$I a, cc/+ 1) 3 + “‘$, b, (e-G> - e-““‘!.), 

PaI 

SI. > 5, 
where, for n = 1, 2, 3, 4: 

u, = 2.5638, -1.2000, -0.1767, -0.0889, (9b) 

and 

a,, = 3.65679, 22.3047, 56.9605, 107.620, (SC) 
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b, = 0.819050,0.097526,0.032504,0.0f5440. (9d) 

Accordingly, a correlation based upon the above might 

be expressed in terms of (%y),, as follows: 

h 
0.14 _ 

i ! _-_ 

Pa 
(Nu),, = j(NUF):m + (Nu,):m)‘.‘3 (10) 

- 
where (NE+),, and (Nun),, are obtained from equa- 
tions (9) and (8), respectively, by using the relationship 

- 
Nu 

tm 
= _ In (1 - 44 -. 

XL 
Ulf 

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

+* = 1 - ‘1 + +J4 
i 

(12) 
\ i 

where C, = 0.87052. as in equation (8b). The resulting 
plot of # vs ct based upon (12) is shown by the solid 
tine in Fig. I whereas corresponding results based 
upon equation (8) are shown by the dashed line. Aiso 
presented in Fig. 3 are corresponding Nusselt number 
curves which have been generated from 4. In this 
regard, it is noted from equation (11) that 

NU,, In(l - 4) =- 
(Gr Pr)’ 4 2aJ, 

(13) 

whereas it can be shown that 

and 

In particular, then, from equations (12) and (13) it 
follows that 

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

where TV and C will be treated as adjustable parameters 
[note : this form is obtained by replacing C, with C in 
equation (A.Z)and (1 - $)-5/4 by (1 - (p)-(“““)“]. In 
particular, based upon comparison with the data in ref. 
[l-3] and [S-11], the following values have been 
chosen : 

c = 0.87, n = 2.2. 

4. COMPARISON WITH AVAILABLE DATA 

Examination of the literatureindicates that the most 
pertinent data is that reported in refs. [i-3] and 
[S-12]. The operating ranges of these experimental 
investigations, listed in chronological order, are given 
in Table I with Appendix 2 indicating the source of the 
property values used for the various fluids. Table 2 lists 
the percentage RMS deviation of these experimental 
data with the various correlations in Section 2, as given 
by equations (I)-(S) and (7), and with the three 
correrations of Section 3, where each of the latter is - 
based upon equation (10) with (Nu,),, obtained from - 
equations (9) and (11) and ~~~~)~~ based upon either 
equations (8) and (11) or equation (16) or (17), 
respectively. 

The second set of values (in parentheses) shown in 

Nu Q, 
(Gr Pr)“4 2a,.’ 

(15) 

FK. I. Plots of 4, Nu,,/(Gr Pr)lid, Nu,/(Gr Pr)‘j4 and Nu/(G~PP)~‘~ vs ut. where the solid curve for d, 
is based on equation (12) and the dashed curve on equation (8); the various Nusselt numbers are derived 

from ;P 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 (l)-(5), 

the RHS has been multiplied by F,,a correction factor 
developed in [17] (or see ref. [lg]) 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 [l, 
16-183 

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 

- 0.1 336/t1. 
(Nur),, = 1.83 + it_‘<;& (4/t )Z .3 (19) 

L 

which is an empirical fit developed by Hausen [20] (or 
see ref. [21]) for the Graetz solution. In this regard, it is 
noted that the General Etectric Heat Transfer Data 
Book [19] bases the form of equation (7b) upon 
equation (15) of Kays [2 11, 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 

[22], who considered a similar form for the local 
Nusseit number, we assume that 

- 
(NUFJlrn = 1.282 g; I 3 e-/AC1 + 1.828 (1 - e-B:it) 

GOa) 

which gives the correct limiting behavior for small and 
large tL [compare with equations (9) and (1 l), noting 
that& + a, <~_3as~,_-tOand& - 1 - hie--zliias 

Tr. -+ X] irrespective of the values of [Ji and f12. 
Further, the RMS deviation between equation (20af 
and the ‘exact’ result [based on equations (9) and (1 l)] 
over the range of the reported data, namely 6 x 1 O- 4 
< f ,, < 0.6, can be made as smati as 2.706 by choosing 
(fl,, flz) to lie within a rather broad domain well 
represented by 

/j, = 4.10, /J’~ = 6.75. (2Ob) 

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 cr. whereas equation (7b) has 
a corresponding RMS deviation of 33.30; 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 1121. Rather surprisingly, it is seen that, 
amongst correlations (l)-(5), the first and earliest, due 
to Eubank and Proctor [ 151, 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-co~lvection term, 

/ xjiL I I111111 I 

0006 001 002 ,004 01 
CL O2 

.04 0.1 02 04 06 

Fro. 2. Experimental results (symbols defined in Tables 1 and 2) for (/J&$.*~ NM,,,, vs <,, together with 

curves for (Gr PrJ’ ” = 0, 10,20,40 and 80 based on equation (IO) with (Nu,),, based on equation (20) and 

(Nu,),,, on equation (17). All property values (other than pi,) evaluated at T,. 
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Frc, 3. Experimental results (symbols defined in Tables 1 and 2) for (/.&J&o.‘4 (z),J@’ Pr)” vs uL 

together with curves for (Gr Pr)1’4 = xi, 20,10,5 and 2.5 based upon equation (10) with (iVt+),,,, based on - 
equation (20) and (Nu,),, on equation (17). All property values (other than JJ,) 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 [IZ] 
are omitted, with the best correlation corresponding to 
the last column of Table 2, which is represented most - 
simply by equation (10) with (Nu,),, based on equa- 

tion (20) and (Nu,),, 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 (Gu Pr)’ 4. 

A more detailed comparison of the data with the 
correlation based upon equations (IO}, (17) and (20) is 
shown in Figs. 2 and 3. In the former, nominally every - 
third data point is plotted in terms of (~,+./~,)* l4 (Nu),, 
vs tL with the indicated curves based upon equations 
(lo), (17) and (20) for (Gr Pr)li4 = 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) ‘J = -x, 20, 10,5 and 2.5. That is, 
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)’ 4 = 0 
curve is a pretty good lower bound for the data. It is 
noted in particular that the data points (0) of White 
correlate extremely well with the forged-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 (a) of 
Oliver, which tend to lie ~15% below the curve. 
Moreover, the cooled-glycerol data points (V), includ- 
ing those not shown plotted, tend to lie =lO’? 
above the curve. In fact, if one omits the 
(~,/&“-‘4 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. [I]). 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-~ 505; 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 points in Fig. 3 indicates that the heat transfer 
rates are not nearly as large, for the given (Gr Pr)“4 
range, as the present ~~-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 (Cr Pr)’ 4, with the Rayleigh number 
(based on radius) being as large as 2 x 108. Ofcourse, 
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. [133 (detailed results presented in ref. 
[14]) have also been plotted (-t) in Figs. 2 and 3. 
According to a standard procedure for gases [23], the 
property values have atl been evaluated at the mean 
bulk temperature, as for the liquids, but with no 
viscosity-ratio factor multiplying the Nusselt number. 
It is io be noted that all the data from [13, 141 
correspond to (Gr Pr)’ ‘4 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 

(Nu,),, is related to a large Prandtl number theory, the 
comparison with the data from ret’s [l3,14] indicates 
that the present correlation can also describe 
buoyancy-dominated heat transfer in fluids for which 
Pr = U(l). 

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. [lo], the heated oil-A data of Sieder and 
Tate [1 1] 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 (ni) is the only independent parameter which is 
varied. However, comparison of runs 1 and 7 in Table 
3, corresponding to approximately the same ti, in- 

dicates a Vu,,,, in run 7 which is ~40% above that in 
run 1, with a similar discrepancy existing between runs 
2 and 10 at a somewhat larger ni. In the case of the 
heated oil-A data, corresponding to runs 43-52 in 
Table I of ref. [I 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, 

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 et al. [lo] 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 [S] 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. [112]) 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 - 
e,,, based upon (lo), (17)and (20), is transformed into 

N&XII, then the corresponding comparison with the 
above data (omitting that from ref. [12]) reduces the 
RMS deviation from 11.7?/, to ll.Oo/;,; further, if the - 
comparison is expressed in terms of Vu or, equivalently, 
#, then the RMS deviation is reduced further to 9.8%. It 
might also be noted that changing the exponent in 
equation (10) from 3 to 2 or 4 results in increasing the 
RMS deviation from 11.70,:, to 14.07; 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 - -.._ 
(lo), with (Nu,),, given by equation (17)and (Vu,),, by 
equation (ZO), has been developed which describes the 
data in refs. [l-3] and [8-l l] with an RMS deviation of 
11.7%. Whereas the data in these investigations cor- 
respond to (Gr Pr)’ 4 5 44, much of the data in ref. [I23 
corresponds to larger values of (Gr Pr)’ 4, for which the 
present correlation does rather poorly. Hence, pending 
further experimental results in the large (Gr Pr)’ 4 

domain, it seems that the present correlation should be 
restricted to (Gr Pr)’ 4 5 44, where Gr is based on tube 
radius. Beyond this range, the best laminar correlation 
seems to be that of Eubank and Proctor [ 151, as given 
by equation (l), which describes the data in [l-3] and 
[g-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 ucas de&o& in section 2(d) of rei: 
[5] for the interaction betwwn the buoya~~y~ominat~ 
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 frL < 0.70. 
However, if one converts this result to the log-mean Nusselt -._ 
number, making use of equation (ll), it is found that NM],,, is 
essentially constant over the range of 0 < gL & 0.70. This can 
be seen from Fig. 1 in which 4 increases from zero tog/; 
between aL = 0 and 0.70 whereas, over the same range? Nu,, 
only changes from 0.435 to 0.405. In turn, this suggests that a 
simpler expansion will result if the various characteristic 
quantities arenow scaled in terms of AT* E r_, - T,(z)rather 
than AT = T, - T,. 

I ” 

In fact, if one returns to the ‘~~nte~e~ate region” analysis in 
section Zfbf of ref. T5l and reniaces T, evervwhere with T,(z) 
such tha; tie Gra&Gf numb& appearing in the definitioniof 
6, and V, is now based on j&T* j and the temperature distri- 
bution [relative to T,(z)] is now normalized with respect to 
AT*, the resulting problem for ‘~(~~)” and “h(t?)” remains 
unchanged with the circumlerentially 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(1 - #),it follows that theneteffect is theintr~u~tion of 
an additional (1 - (6)5 ” factor on the RHS of equation (2.25). 
Accordingly, the resulting local energy-rate balance becomes 

2nu 

which redums to 

and integrates to 

(A3) 

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



1746 

= 0.87052a,, - 0.473&r;. -t 0.20615a;. 

- 0.078Sla; + 0.02734a: - 0,~892a~, + 

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

APPENDIX 2. 

SOX?RCES OF PROPERTY VALUES 

Reducing the data reported in refs. [l-3] and [8-L?] 
requires values for the density, viscosity, thermal conductivity, 
specific heat and volumetric coeficient of thermal expansion as 
functions of temperature. For the water runs in refs. [l-3] 
there is apparently no problem in this regard. Further, for the 
three oils employed in ref. [12], the ~utbors plot straight-line 
curves for log ht (lo- z g cm- 1 s- ’ ) vs T(“F) and also for C,(r), 
k(T) and p(T) [actually, specific gravity, which = p(T)/0.999]. 
However, cross-checking these plots with results in Kern [24] 
[in particular, the specific gravity at 60°F can be used to 
determine the “API,&& upon equation (1.4) on p. 4 of ref. 
[24], from which one can then determine k(T) and c,(r) from 
Fig. I on p. 803 and Fig. 4 on p. 806, respectively] indicates that 
the C,(r) curves in Fig. 3 of ref. [12] have been misla~li~ such 
that “transformer oil dist” and “core oil” should be switched. 
Further, there seems strong reason for suspecting that the #i(T) 
curves in Fig. 3 of ref. flZ] have also been mislabelled, since 
p(T) typically decreases with increasing “API (as in the case of 
the three oils considered by Sieder and Tate [l I]), such that 
“cylinder oil” and “core oil” should be switched in the p(T) 
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plots in ref. [12]. For the three oils in fl 13% for which pufir) and 
the “API are explicitly given, one can generate k(T), C,(T) and 
p(T) [hence, p(T)] from Figs. I,4 and 6 on pages 803,806 and 
809, respectively, of ref. [24]. Further, for the light oil employed 
in ref. [IO], for which ~(7’) is tabulated andp at 15°C IV 60°F is 
given, one can use the latter to calculate “API and, hence, E;(T), 
C,(T) and l)(T) from ref. [24]. A similar procedure can also be 
employed for the light oil (Veiocite B) used by Hoiden and by 
White, as reported in ref. [S]. 

On the other hand, property vafues for the glycerol, ethyl 
alcohol and glycerol-water soIution used by OIiver [l] 
together with the ethyl alcohol-water solution of Depew and 
August C-t] and the gly~roi-water solution of Rynalski and 
Huntington [9] require more attention. In particular, concern- 
ing the most tem~rature sensitive of the properties, namely the 
viscosity, the values have been based upon Segur and Oberstar 
f25] 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 r3], on Segur 
and Oberstar [25] for the glycerol-water solution ;ERynaiski 
and Huntington r91 and on Oliver Fil for his own 
glycerol-water sol&&. It is noted that C%er indicates his 
solution to have been approximately 8041, by weight glycerol in 
water: in fact, by comparing his p(T) values with those of 
Newman @K] 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 9.53, pure by volume, thus suggesting 
:94y0 by weight. Other sources of property values have 
included Toukmkian f29] for thermal &&&s of glycerol 
and ethyl alcohol, Miner and Da&on T3Oj for thermal 
conduct&ity of glycerol-water solutions, B&a;t and Snoddy 
1313 for density of glycerol and its solution together with some 
density and coeflicients 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 

R&+&e formule sem&naIytique pour ia convection mixte dans un tube isotherme et horizontal est 
d&eIoppde pour d&ire routes les don&es disponibies de. transfert thermique @ t’exclusion de celkzs de Kern 
et Othmer}, avec un &cart-type de 11.7:; bask sur une moyenne lo~~ithmique du nombrc de Nusseit, de 1 l”:, 
bask sur la moyenne arithm~tique du nombre de Nusselt, et de 9,S% bad sur t’Cihation de tempkrature 
fract~onnaire. Le fait que la formuie ne d&rive pas ies donntes de Kern et Othmer est attribu~ aux grands 
nombres de RayI&&, ce qui n&es&e une recherche ult&ieure. Bien qu%tablie pour des fluides & grand 
nombre de Prandtl, la form& d&it aussi bien le transfert dans I’air, domint par fes forces ~Arcbim~de. 

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

Zusam~nfassung-For die laminare Misch-Konvektion in einem isothermen horizon~dlen Rohr wird eine 
halb-analytische Korrelation entwickeit. Diese ist in der Lage, alie verftigbaren WLrmedbergangs-Daten 
(auBer denen von Kern und Othmer) mit einer mittleren quadratischen Abweichung zu beschreiben, die fiir 
die logarithmierte mittlcre Nu-Zahi 11,7?/, fiir die arithmetische mittlere Nu-Zahi ll,O’?~~ und fiir den 
relafiven Anstieg der Mitteltemperatur 9,s:; betr8’gt. Die Tatsache, da8 die Korrefatiou die meisten der 
Kern~Othermer-Dafen nicht beschreiben kann, ist auf die zu~eb~ri~n hohen Rayle~~-Zahien 
zuriickzufiihren, ftir die weitere Wntersuchungen erforderlich sind. Obwohi die Korrelation ftir Fluide mit 
graBen Prandti-Zahlen abgeieitet wurde, vermag sie ebenso gut den durch Auftrieb bestimmten 

W~rme~~rgang in Luft zu beschreiben. 

~~AM~HAPHA~ CME~~H~A~ K~HB~K~~~ B ~3DT~FM~~E~KD~ 
I-OPM30HTAJlbHQfi TPYEE. 0606IIJEHME AAMHbIX II0 TERJIOFIEPEHOCY 

AHHoTauHn---IIoflyqeHa nony3MnepsqecKaa o6o6mammaa SaBHCHMoCTb nns naMMHapHoi% CMemaHHoZi 
KOHBeKuBM B 3f3OTepMWieCKOti ropH30HTanbHOti Tpy6e u Ii&leHO, TrO C ee nOMO"lbtO MOXCHO 

o"~~b~~~~~ me ~Me~~~ec~ &wmbte no Ten~oo6MeHy (38 ~cK~~~eH~eM Aatitibtx KepHa rl Omepa) 

co cpenueKsanpaT3iquo2i ourn6~oB B I I .7 S,. CCJtti 6 OCHOBy nOnO?KeHO C~~~c~Orap~~MuYcCKO~ 
3HaqeHAe Wcna HyccenbTa, i 1 ,O ?,;--&~a CpeAHeapW$MHTWeCKOrO 3HaYeHHR Wicna HyCCeJIbTa M 
9,8-npOueHTHaa OIIIM6Ka ILns yeenWeHIin TeMnepaTypbI a 06aeh4e. YxasaHHoe mmwteHue 
O(r%,aCH%cTC% 60nbmHMH 3HaYeHIIPMH ‘%KCna P3,qea H Tpe6,‘eT RaJibHcfimerO HCCZcLZOBaHHR. XOTR 
3aaBCHMOCTb nonyreHa ZWn XRflKOCTH C 6O.!lbmHM YIffnOhl flpaH,WlP, uOKa3aN0, 9TO OHa XOpOmO 

0nuCbmaeT u .aanHbuz no rennoo6Meey ao3nyxa npri C~~~CTB~HHOM B~MI~H~R CH~? nnaeysec-rrt. 


