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Discussion 
R. G. DEISSLER.3 The paper gives information on heat trans-

fer in the entrance region for a range of Prandtl numbers where 
few or no data existed. The results are therefore of fundamental 
interest. 

The author's conclusion that the entrance length is unaffected 
by Prandtl number is not entirely in agreement with the analyti-
cal results of the writer. The analysis mentioned in the paper 
was for gases; the analysis for higher Prandtl numbers was not 
available at the time the paper was written. Incidentally, the 
writer's curve shown in Fig. 10 of the paper is plotted too low. 
The original curves from reference (6) of the paper were quite 
difficult to read in the region plotted in Fig. 10. 

The writer has made a comparison between his analysis for 
Prandtl numbers above 1 and the experimental data for water 
and oil. This comparison is given in Fig. 13 of this discussion. 
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F I G . 13 COMPARISON OF W R I T E R ' S ANALYSIS W I T H EXPERIMENTAL 
D A T A FOR W A T E R AND O I L 

Data from Figs. 10 and 11 of the paper are compared with the 
predicted curves for corresponding Reynolds and Prandtl num-
bers. The curves for a Prandtl number of 1 and a Reynolds 
number of 30,000 are shown for comparison. The data for water 
are in very good agreement with the predicted curves for water in 
both figures. The circles represent the water data. The data 
for oil in the upper figure lie above the predicted curve for oil. 
In the lower curve, some of the points for oil are in agreement with 
the predicted curve, but some lie above it. It appears that no 
definite conclusion can be drawn in the case of oil. In general, 
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it would seem that the agreement between the analysis and ex-
periment for oil is probably within the accuracy of the data. The 
experimental trends with Reynolds number are in agreement 
with those predicted; that is, the values of hx/h, at a given X/D 
decrease as Reynolds number increases, Fig. 12 of the paper. 

The region very close to the entrance, that is, for X/D between 
0 and 1 or 2, could be seen better by using an expanded scale on 
the abscissa. However, as indicated by the author, the heat 
losses to the electrical terminal at the entrance might be impor-
tant in that region. Somewhat more accurate results very near 
the entrance might be obtained by using a wound wire or ribbon 
type of heater rather than direct resistance heating of the tube. 
In this way the heat loss through the electrical connection at the 
entrance would be reduced considerably. 

S. LEVY.4 The author has made a valuable contribution in a 
field where experimental data are practically nonexistent. The 
values of thermal-entrance lengths he has presented will find 
major application in the design of heat-transfer equipment and in 
the evaluation of available theoretical studies. T o obtain his 
experimental results the author had to distinguish between heat-
transfer coefficients different from each other by 5 and 1 per 
cent, and his effort is all the more appreciated in a field where 
the spread of experimental data always exceeds 5 per cent. It is 
felt, however, that a more complete understanding of the contents 
and results of this paper would be achieved by including the 
original data shown in Tables 2, 3, 4, and 5 of reference (39).6 

Tables 3 and 5 give the local values of the ratio6 hx/h, and may 
be used to derive an explicit function for hx/h, in terms of x/D, 
with more and more weight being placed upon the larger, and 
therefore more accurate, values of the ratio hx/h,. The explicit 
function in turn can be used to calculate the 5 and 1 per cent 
entry lengths, and probably will yield values more consistent 
than those obtained by the author by means of a graphical plot. 
With more emphasis given to the higher ratios of hx to h„ it is ex-
pected that whenever the 5 per cent entry length will decrease 
from run to run the corresponding 1 per cent entry-length value 
will exhibit the same trend, thus eliminating some inconsistencies 
noted in Tables 2 and 3 of the paper. 

Tables 2 and 4 of reference (39) serve to demonstrate the extent 
of property variation in the present study. The property varia-
tion, though major in several instances, has not been mentioned by 
the author. Its existence is apparent in Fig. 4 of the paper 
where the test-section friction factor is seen to fall consistently 
below the friction factor in the calming section. If the test-
section values are corrected by the factor (n/f iw )° -u as recom-
mended in reference (24), good correspondence is obtained be-
tween the friction factor in the test section and the corresponding 
value in the last section previous to start of heating. The correc-
tions ranging from 2 to 8 per cent also lead to satisfactory agree-
ment with the recommended equation. Because of the greater 
dependency of oil viscosity upon temperature the role of property 
variation is larger for this fluid, and the friction coefficient or 
wall shear stress in the test section is expected to fall from 7 to 
25 per cent below the calming-section values. 

In comparing the experimental data with theory it is neces-
sary, therefore, to realize that the velocity profile though fully 
developed in the calming region, undergoes slight changes in the 
test section because of system heating. Also, examination of 
Tables 2 and 3 of the paper may give the reader the erroneous idea 

4 Engineer, General Electric Company, Schenectady, N. Y. Assoc. 
Mem. ASME. 

5 All reference numbers refer to Bibliography at the end of the 
paper. 

• All symbols, unless otherwise noted, are those defined in the 
author's nomenclature. 

that the author was not always able to repeat his result at the 
same Reynolds number. In most cases where the Reynolds 
number was unchanged the difference in entiy lengths may be ex-
plained in terms of different heat input, i.e., different property 
variation. 

The comparison between theory and test as presented by the 
author indicates that the eddy diffusivity plays a major role in 
the laminar sublayer. Agreement with the analyses of Latzko 
(21), Deissler (6), and Berry (1) support this conclusion since the 
three theoretical studies do not account for the thermal capacity 
of a sublayer in which only molecular conduction prevails. In 
order to confirm the possible need for a re-evaluation of the exist-
ence or extent of the thermal sublayer, the writer derived the 
thermal-entrance length for the flow of a high-Prandtl-number 
fluid in a circular pipe.7 The solution based upon a laminar sub-
layer of thickness yi is obtained readily from the book of Carslaw 
and Jaeger8 if the linear-velocity profile in the sublayer is re-
placed by an equivalent constant-velocity distribution. The 5 
per cent entry-length value becomes equal to 9 

(£)«-«•-(?)/(?)# 
where 

y, uD I c, 
" = D T VT 

When the variation of properties is negligible yi+ = 5 and 

and the numerical results given in Table 5 are obtained. 

T A B L E S N U M E R I C A L RESULTS 
Prediction Prediction-effect 
constant Test of property 

uD/v Cp»/k property results variation (max) 
5500 223 46 14 1.6 
7830 260 35 7 .2 0.97 

10100 206 24 5.7 0.83 
13300 170 16 4 .6 0.86 
14800 157 14 4.4 0.75 
16200 90 6 .6 3 .7 0 .75 
16300 135 9 .9 4.1 0 .72 
17200 138 9 .6 3 .7 0 .72 
17300 87 6 .0 3 .7 0.71 
22000 98 5 . 2 2 .2 0.66 
24600 107 5 .7 2 .8 0 .58 
24600 107 5 .7 2 .6 0.52 
29800 88 4 .1 2 .0 0.43 
34600 63 2 .4 2 .8 0 .46 
46400 63 1.9 1.5 0.37 
46600 61 1.8 1.7 0 .33 

The computed and test values are seen to decrease with Reyn-
olds number10 in direct contrast to the predictions of Latzko 
(21), Deissler (6), and Berry (1). Quantitatively speaking, the 
present theory always yields values larger than the experimental 
ones. This trend is to be expected since the value of i/i+ is not 
equal to 5 but continually decreases below 5 in the entrance re-
gion. The value of the term y i + at the end of the entrance 
region may be obtained from the results of Boelter, Martinelli, 

7 "Heat-Conduction Methods in Forced-Convection Flow," by S. 
Levy, ASME Paper No. 54—A-142. 

• Reference 5 in author's Bibliography. 
' The 5 per cent entry length was chosen over the 1 per cent value 

because the experimental measurements at 5 per cent may be viewed 
with more confidence. 

10 The same trend is noted in results obtained by I. T. Alyadev, 
"Experimental Determination of Local and Mean Coefficients of Heat 
Transfer for Turbulent Flow in Pipes," NACA TM 1356, 1954. 
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and Jonassen,11 or it may be computed from the measurements of 
the fully developed heat-transfer coefficient 

kD _ J) 
k i/i 

Values of yi/D computed from the latter expression were sub-
stituted in the derived equation for (L,/D)5% and the correspond-
ing entry lengths are tabulated with the constant property values. 
The two sets of predictions really represent an upper and lower 
limit of the term {LJD)5% and examination of the results reveals 
that they play such a role. This bracketing effect coupled with 
the predicted decrease of entrance length with Reynolds number 
leads the writer to believe that the test results lend support rather 
than weaken the concept of laminar sublayer. Further, it is 
felt that a sublayer analysis accounting for the decrease in yi will 
give answers within the experimental range. With regard to the 
effects of Reynolds number it is interesting to note that, since at 
low Prandtl number the entry length is directly proportional to 
the Reynolds number, the entrance length must be independent 
of Reynolds number at some intermediate range of the Prandtl 
number. 

The simplicity of the analytical solution at high Prandtl num-
bers suggests a method of measuring the thermal-sublayer thick-
ness. By minimizing the effect of properties (fluid with rela-
tively small property variation with temperature) or by control-
ling this variation so that 2/1+ remains about constant in the en-
trance region (test section maintained at constant temperature) 
the measured values of (Le/D)5% can be utilized to compute the 
laminar sublayer thickness 7/1+ by means of the derived expres-
sions.' Such a technique may be preferable to the use of a tem-
perature probe which disturbs the laminar nature of the sublayer 
and exhibits errors too close to the pipe wall. On the other hand, 
the entry-length measurements will require careful and complete 
experimentation of the type presented by the author. 

11 "Remarks on the Analogy Between Heat Transfer and Momen-
tum Transfer," by L. M. IC. Boelter, R. C. Martinelli, and F. Jonas-
sen, Trans. ASME, vol. 63, 1941, pp. 447-455. 

A U T H O R ' S C L O S U R E 

The general agreement of the experimental results presented 
by the author with the analytical results of Deissler is quite 
satisfactory. The Prandtl-niunber effect predicted by Deissler 
will be extremely difficult to verify experimentally in any detail 
although there appear to be some indications of this effect in the 
present experimental data as discussed in detail by Deissler. 

In so far as obtaining more accurate information near the very 
entrance, this presents a formidable problem. Regardless of the 
type of heating used, there will be some axial heat conduction in 
the fluid itself which makes impossible, in practice, the obtaining 
of the initial conditions imposed in the analysis. 

With respect to Dr. Levy's suggestion of deriving an explicit 
function for hx/h, in terms of x/D, this could easily be accom-
plished and might smooth out some of the inconsistencies in the 
results. However, it was felt that the statement that the 
thermal entrance length was approximately 10 to 15 pipe diame-
ters over the range cited was sufficient for most applications; 
under those circumstances an explicit function was not con-
sidered essential. 

The variation of the property values should certainly have been 
mentioned in the paper and the author is indebted to Levy for 
emphasizing this point. In particular, his suggestion that the 
correlation of the friction-factor results may be improved by the 
viscosity correction factor is a valuable criticism and results in 
improved agreement of the experimental values with the com-
monly accepted equations. 

The approximate analysis proposed by Levy for higli-Prandtl-
number fluids predicts decreasing thermal-entrance lengths with 
increasing Reynolds number, and this is in agreement with the 
present experiment results. Contrary to the statement of Levy, 
this trend is also in agreement with the analysis of Deissler. 
However, Deissler's analysis shows decreasing thermal-entrance 
lengths with increasing Prandtl number, whereas Levy's approxi-
mate analysis yields the opposite trend, increasing entrance 
lengths with increasing Prandtl number. No conclusive evidence 
regarding this Prandtl-number effect is derivable from the ex-
perimental results. 
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