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NATIONAL ADVISORY COMMITI'EE FOR AERONAUTICS 

TECHNICAL NOTE NO. 1451 

AN INVESTIGATION OF AIRCRAF1' HEATERS 

XXVII - DISTRIBUTION OF HEAT-TRANSFER RATE 

IN THE ENTRANCE SECTION OF A CIRCULAR TUBE 

By L. M. K. Boel tar, G. Young" and H. W. Iversen 

SUl+1ARY 

Experimental data on the variation of the point unit thermal 
conductance in the entrance section of a circular tube are presented for 
16 different flow conditions of the entering air. Results are compared 
wi th values calculated from existing analytical solutions. 

The average (integra ted mean wi th length) unit · thermal conductance 
is also calculated for eight entering-eir conditions and is compared with 
values resulting from analytical methods. In many cases the experimental 
values are appreciably higher than those derived from equations which are 
based on over-all data taken on long pipes. 

IN'ffiODUCTION 

The present investigation was conducted to determine the distribution 
of heat-transfer rate resulting from a variation of the unit thermal 
conductance at the entrance to a tube for various conditions of the 
entering fluid. 

Heretofore experimental data for the unit thermal conductance fc 

(in the equation q = fcA(tw - taJ) have been obtained as an average over 
the tube length. Equations for the determination of f c have usually been 

expressed in terms of the fluid properties and some fixed physical 
dimension of the system, such as the tube diameter. In many cases, when 
it is more important to know the value of the temperature at the particular 
point along the heat-transfer surface than to know t he over-all r ate of heat 
transfer, an average value of the unit thermal conductance fc is in­
adequate and the local value fc must be determdned. The equations for 

x 
the unit thermal conductance should then be expressed in terms of a 
variable physical dimension x. 

---- - --- - ---
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Data on the local unIt conductance may be applied to the deslgn of 
an exhaust-gas and air heat exchanger. For example, the life of an 
exhaust-gas and air heat exchanger may depend on the distribution of 
temperat~~ within the unit, whlch depends on the variation of the local 
un1 t conductance wi thin the exchanger. Points of high temperature ma.y 
often cause metal failure, and regions of large temperature gradients 
cause dangerous thermal stress which decreases the life of the heater. 
A thorough knowledge of the d.istrlbutlon of ~he local or point unit 
thermal conductance f would allow a prediction of these effects, and 

Cx 
thus a proper design could be established. 

The results of experiments reported herein show that the in f cx 
the "entrance section"l of a heated circular tube is very much greater 
than that which would be predicted from eCluations derived from experiments 
on very bng tubes and depends on the type of fluid entrance. The unl t 
thermal conductance may not reach a constant value as far as 15 tube 
diameters dowIlatream. 2 The following entrance conditions (fig. 1) were 
in'Tea tlgated: 

(a) Bell.m:>uth 
(b) Bellmouth with one acreen3 
(~) Bellmouth with screen holder 
(d) Bellmouth with six screens 
(e) Right-angle-edge entrance 
( f) Bare sharp-edge entrance 
(g) Large-orifice entrance 
(h) Small-orifice entrance 
(i) Short calming section 
(j) Long cal.ming section 
( k) 450 -angle-bend entrance 
(1) 90°-angle-bend entrance 
(m) 90°-angle-bend entrance with calming section 
(n) 450 round-bend entrance 
(0) 90° round-bend entrance 
( p) 1800 round-bend en trance , 

lIn this paper the "entrance aection" is the initial portion of the tube in 
which the local unit thermal conductance fc is approachIng the con-

x 
stant value at tained d.ownstream in the tube. 

~or smooth pipe and. constant tube aurface temperature. 

3Iversen (reference 1) obtained experimental data for this case and compared 
the results with the analyses of Latzko and of Boelter, Martinelli, and 
associates. 

-----------------------~-~--------
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The results of teste (a) to (d) illustrate the effects of turbulence and 
tests (a), (i), and (j) show the effects of entrance velocity distribution . 
The remainder of the tests show the effect~ of the various more practical 
entrance conditions, in which eddying flow is present. 

Latzko (reference 2) developed analytical methods for approximating 
the variation of the point unit thermal conductance for three entering­
gas conditions: 

Case I: Both velocity and. temperature distributions are uniform. over 
the cross section at the entrance. (This is approximately the actual 
system of a heating section with a bellmouth at the entrance.) 

Case II: The velocity distribution at the entrance corresponds to 
that for fully developed turbulent flow, and the temperature distribution 
is uniform over the cross section at the entrance. (The actual system 
may be visualized as a heating section with a long calming section 
upstream. ) 

Case III: The intermediate case between cases I and II, in which 
the calming section of case II is too short for the fluid to have attained 
a fully developed velocity distribution before entering the heating 
section. (See appendix A for description of analytical methods.) 

A method noted in reference 3 approximates the variation of the 
point un1 t therma.l conductance for air for case I. An expression for 
estimating the integrated average unit thermal conductance for any length 
of heating sections Is also developed in reference 3. 

In addition to the point unit thermal conductances, the average unit 
thermal conductances for the circular tube were calculated as a function 
of tube length for eight experimental conditions (fig. 1, cases a, b, g, 
h, i, j, k, and 2). For two of these conditions the average unit thermal 
conductances were analytically obtained by using the equations for fc 

x 
given by Latzko, by Boelter and his associates, and by Iversen. 

The average unit thermal conductance, the mean value taken over the 
entire length of tube in question, is obtained from the following equation 

The effect of the entering-fluid condition on variations of the average 
uni t thermal conductance with length is presented in table I. 

4A distinction is made in this report between turbulence and eddying flow 
condi tions. Turbulence will be thought of as minute fluctuations of 
particle velocities; whereas eddying flow is considered to be that charac­
terized by relatively large scale vortices, etc. 



4 NACA TN No. 1451 

~nts work was coniucted at the University of California under the 
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DESCRIPI'ION OF APPARATUS 

The apparatus is essentially a doubly steam-jacketed tube through 
which air flows and is heated. The saturated steam in the inner jacket 
surrounding the test pipe is condensed by losing heat to the air ani is 
collected at 19 sections along the tube. Heat loss from this inner 
j~cket to the surrounding atmosphere is prevented by the outer jacket 
containing steam at the same temperature. The rate of condensation of 
the ste~~ obtained in each section is a measure of the heat-transfer rate 
occurring in that section. By also measuring the tube wall temperature, 
the i nlet temperature of the air, and the weight rate of air flow, the unit 
the:rm~ conductance for several entrance conditions (fig. 1) and its 
variation with length is obtained. 

The assembly of the test stand is shown in figure 2. Figure 3 is a 
drawing of the doubly steam-Jacketed tube or the heat exchanger ani 
figures I and 4 show the approach sections used and the construction of 
the bellmouth entrance nozzle. Photographs of the vario~s approach 
sections are shown in figure 5. Figures 6, 7, 8, and 9 are different 
views of the app~atus, equipped with a few typical approach sections. 

The test pipe is a highly polished seamless steel tube 32 inches long 
having a 2-inch outSide diameter (1.785 in. I.D.). Partitions were brazed 
to the tube at apprOXimately I-inch intervals from the leading edge for a 
distance of 8 inches and then at 2-inch intervals for the remaining length 
of the tube, to yield 19 separate heating sections. These heating sections 
contain steam which is condensing because of the heat transferred through 
the wall of the tube to the cool air. 

While traversing through the p~titions inside the inner jacket, the 
uncondensed steam can also enter the glass condensate collector tubes. 
It will be noticed that the heat of condensation of the steam in the inner 
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jackets 1s not onLY transferred through the test-pipe surface to the air 
stream but also through the glass condensate collector tubes to the 
surroundings. The consequent heat loss through the condensate collector 
glass tubes is a linear function of the height of the condensates in the 
glass tube because the heat loss is a direct function of the heat-transfer 
area in the glass tube, which, in turn, varies directly as the height of 
the condensate. This heat loss occurs even though no heat is transferred 
through the test section into the air stream; thus it is called the 
"no-load" heat loss and was used as a correction to the "load" val'lea. 
The no-load value was about 10 percent of the load values. 

The 19 glass condensate collector tubes were installed between a 
double-glass-partition chamber. This acted as an insulating jacket to 
reduce the no-load heat losses. Outside of the glass panels a sheet of 
paper ruled to tenths of an inch was placed in order to measure the water 
level in the tubes. 

The downstream ' end of the test pipe was connected with a l2-inch-long 
rubber tube by way of a gate valve to a 3-inch pipe leading to a calibrated 
orifice section and thence to the intake of a contrifugal blower which 
exhausted the air to the atmosphere. The rate of air flow was regulated 
by the blower speed and by means of the gate valve. 

Entering~ir temperatures were obtained by means of two laboratory 
thermometers and a thermocouple, all suspended in the air near the 
entrance. The surface temperatures of the test section were obtained by 
means of thermocouples imbedded in slots made in the pipe. The downstream 
out let-air temperature was obtained by means of a thermocouple in the 
3- i nch pipe and was arranged for traversi ng the cross section of the 
stream. 

The eqUipment was operated with the various entrance apparatus 
attached to the upstream end of the test section; for instance, a 
bellmouth nozzle was used to obtain a condition of uniform velocity 
distribution and wire screens were used to obtain greater turbulence in 
the air stream. Schematic diagrams of all the entrance effects are shown 
in figure 1. As shown in figure 5, the short and long calming sections, 
as well as the two elbows, are made of pipes having the same inside 
diameter (1.785 in.) as the test pipe. The short calndng section is 
5 inches long (lfDa = 2.8) and the long calming section is 20 inches 

long (IJDn = 11.2). The legs of both the 450 and 900 elbows are about 
2 i nches long measured along the central axi s . The diameters of the 
two orifices are 1.04 and 1.41 inches, respectively. The round bends have 
slightly smaller inside diameters than the test pipe, but the downstream 
ends are chamfered to give a smoo t h fit with the test pipe. 

~--.~ ~ ---- --- ----~ 
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DESCRIPTION OF TESTING PROCEDURE 

When steam at atmospheric pressure was admdtted to the apparatus at 
a low flow rate (so adjusted that a strong wisp of steam continuously 
discharged from the last test section to the atmosphere), the sections 
were purged of air by the passage of the steam through them and by the 
steam flow through the glass tube when the corks at the bottoms were 
removed. As soon as equilibrium temperatures were established throughout, 
all temperatures and. all no-load condensate levels in the glass tubes were 
recorded at 10-minute intervals for a period of more than 4 hours. Both 
ends of the test pipe were blocked during this operation. This procedure 
gave the no-load losses of the system. A duplicate no-load run was also 
made with the bellmouth nozzle attached and its vacuum pump in operation 
in order to determine the effect of these attachments. 

The test section was then connected to the blower and a constant rate 
was established. A test procedure, similar to that for the no-load runs, 
was performed for several air rates with the various entrance conditions 
shown in figures 1 and 5. Additional data collected were the entrance and 
exit air temperatures and the weight rate of heated air. All data for 
load runs were collected at ')-minute intervals. For the entrance conditions 
employing the bellmouth nozzle, the vacuum pump was adjusted to draw off air 
at the leading edge of the teat section in ~ attempt to destroy any boundary 
layer built up along the nozzle surface and thereby to establish a uniform 
average turbulent velocity distribution at the entrance section of the test 
pipe. 

Possible errors of measurement are the reading of the condensate 
level, the deterndnation of the no-load condensate rate, and the wall and 
fluid temperature measurements. The maximum total experimental error i8 
estimated at about 5 percent. The reproducibility of values of fc 

x 
was found to be within 3 percent. 

The irregular 
values of fc at 

x 

appearances (as shown in figs. 10 to 20) of erratic 
x/Da of 1.03, 4.41, and 5.25 are attributed to 

leaks.ge in the condensate tubes; whereas the at of 15.40 f 
Cx 

and 16.50 are disregarded because of the influence, on the flow condition, 
of the rubber hose connecter protruding into the back end of the test pipe. 
Aside from these points, the experimental data indicate a regular variation 
of fc along the pipe length for the different entrance conditions. 

x 

CALCULATIONS 

From the data collected, the following items were calculated: the heat 
gained by the air stream at each section, the temperature rise of the air 
stream, and finally the local unit thermal conductance at each section. 

---------- - --- --- -- - -_. -----_. ---- -- --- -~~--
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For some of the entrance conditions (a, b, g, h, i, j, k, and 2 in fig. 1), 
the average unit thermal conductance as a function of pipe length was 
also calculated. 

The heat gained by the air stream at each section is equal to the 
product of the heat of vaporization of water and the difference between 
the load rate of condensation and the no-load rate of condensation. The 
no-load rate of coniensation varied with the height of the condensate 
level in the glass tubes. It was a linear variation, however, and so the 
arithmetic average no-load values between the initial level and the final 
level of the condensates were used. Thus the heat transfer to the air 
stream from each section was 

Rav 
R' av 

is the average rate of condensation in the glass tube under 

is the average rate of condensation for no load with equal 
where 

load, 

levels of condensate in the glass tube, and ~ap is the heat of vapor-

ization for water at atmospheric pressure. 

~~e temperature rise of the air for each secti on is obtained by 
making a heat bal ance with air . The rate of heat loss by condensation 
calculated in the preceding paragraph must be equal to the heat gained by 
the air stream, or 

where q is the heat loss by the steam for a certain length of the test 
pipe and 6ta , the rise in temperature in this length. (For defi nition 

of symbols, see appendix B.) Since the entering-air temperature is 
measured, the mixed-mean temperature of the nir stream at sections of the 
test pipe must be 

t == t + 6t as aO a 

s- l 

~q+ 
1 

The local unit thermal conductance for each section is then calculated 
from the equation 

- - .--- --
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or 

where t w' the wall temperature, is obtained experimentally. This Is the 

defining expression for the local unit thermal conductance which, when 
obtained experimentally, is actually the mean value over the individual 
heating section. 

DISCUSSION 

The variation of the point unit thermal conductance f · in the 
Cx 

entrance section for 16 entering-air conditions, with Reynolds number Re 
as a parameter, are shown graphically in figures 10 to 25. In figures 26 
to 29, the experimental values of the point unit thennal conductance are 
compared with those predicted by analytical methods for a particular value 
of Re. The average unit thennal conductances f were calculated and cav 
plotted in figures 30 to 37 as a function of the length of pipe. 

In recapitulating the equations of heat transfer between a solid 
surface and air, the following equations are obtained: (See appendix B.) 

The first equation is the more familiar expression which defines f c ' the 

uni t thermal conductance. A consideration of the fluid layer immediately 
adjacent to the solid surface, into which heat is transferred by pure 
cQnduction, yields the second expression (reference 4). Combining the two 
equations yields, 

- ------- - ----------
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or 

Nu 

These equations indicate that the pOint unit thermal conductance is 
directly proportional to the temperature gradient existing in the fluid 
next to the wall. In the downstream region beyond the entrance section, 
by Reynolds I analogy, the temperature gradient is proportional to the 

9 

veloci ty gradient for the case where Pr is unity, and a definite relation 
exists between the velocity gradient and the temperature gradient for other 
values of Pr (reference 4). In the entrance section, however, even for 
Pr equal to unity, the relation between velocity and temperature gradients 
depends upon the type of entrance condition, but it may be stated that, 
everything else being constant, an increase in the velocity gradient will 
increase the temperature gradient and thus also the local unit thermal 
conductance. In the system for which the fluid enters the heating section 
with a fully developed turbulent velocity distribution, the velocity gradient 
remains practically unaltered, but the temperature gradient varies from an 
infinite value at the entrance to the heating section to a finit~ constant 
value far from the entrance section. In contrast, when the temperature and 
velocity distributions are uniform at the ent rance to the tube, both the 
velocity and temperature gradients vary from an infinite value at the tube 
entrance to a finite, constant value far from the entrance secti on. 

As mentioned in the foregoing paragraph, for turbulent flow through 
pipes with the velocity and temperature distributions uniform over the 
cross section at entrance, both the velocity and temperature gradients at 
the surface will decrease from an infinite value at the entrance to some 
fini te value downstream. The growth of the so-called turbulent boundary 
layer (reference 5) accam.panieo these changes. Unless a turbulence 
promoter is used, a laminar b01..tndary layer will usually precede the 
turbulent boundary layer, as shawn in the followlng diagrams. 

- ---~ 
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ayer layer 
Fully established 

velocit distribution 

In these diagrams are shown the typical growths of the lam:l.nar and 
turbulent boundary layers, the variation of the velocity distribution 
along the length of the pipe, and a plot of the point unit thermal con­
ductance against the distance along the t ube. The dashed line in the plot 
of f against x/Da 1s the variation of f f or laminar flow, and 

ex Cx 

- ---. - ---- - --- -~-~---' 
---~----------- -
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the dot-dash Hne is the variation of 

l i ne vTOuld be a predicted variation of 
The local unit thennal conductance f 

Cx 

f c x 
f or turbu lent flov!. 

11 

The soUd 

the point uni t thennal c ond.1.J.c t anc e . 
would rapidly decrease f rom a n 

ini'ini te value in the lamir.ar flov! region and inc reas e at the polr:t where 
the flow changes f rom lami nar to turbulent (location usually unknovm) and 
then decrease again, as w\y be predicted from the variation (along the t ube) 
of the temperature gradient a t the vTall. From t he pOint where t he tempera­
ture distribution is fuBy developect (the t emperature gradient wou ld then 
be constant), fc

x 
should be constant with distance along the t ube. 

The curves showir~ the variation of f in fi~lre 10 (bellmouth-
Cx 

entrance condition) exhibit this expected dip a t t he lov! Reynolds numbers. 
Figure 11 (bellmouth wi th one screen) ShOVTS t ha t the adeli tion of a screen 
as a turbulence promoter eliminates t he dips which are due to the presence 
of the laminar boundary layer. The ao_di t i on of more sc reens a s shown i n 
figure 13 to increase turbu lence (not eddying I~lov!) does not increase 
f appreciably. 

Cx 
The entrance condition with a fulJ~ developed turbulent veloc i ty 

distribution but a uniform temperature B.t the entrance will illust rate t he 
rapidity with which the temperat ure distribution becomes fully developed. 
These experimental values of fc are shown in figure 19 (long~alm~n.g-

x 
section entrance condition). Figtu~e 18 (sho~almine-section entrance) 
is an approximate ilJ.ustration of case III (mentioned in I:NTRODUCTION), 
for which Latzko proposed a graphical solution. 

For the case in which the air enters through a bare sharp-edge 
entrance a stagnant air pocket may develop at the leading edge, yielding 
an appreciable resistance to heat transfer. The cu rves in figure 15 
(bare, sharp-edge entrance condition) confirm this phenomenon. The 
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introduction of the large baffle in condition e~ f igure 1 (right-angle­
edge entrance) reduces the size of the air pocket and also the resistance 
to heat transfer as shown by the re8ults of figure 14. The presence of 
orifices at the entrance enlarges the air pocket arid shifts the point of 
high heat transfer farther downstream. (See figs. 16 and 17 for experi­
mental verification.) 

The flow conditions affected by the presence of angle bends and round 
bends at the entrance are canplex but approach conditions for many 
practical installations. The degree of turbu lence is probably increased. 
Eddying flow is present" and a stagnant air pocket may also exist. The 
velocity distribution is no longer syrmnetrical about the axis of the 
pipe (see reproduced photographs showing flow arolmd bends., fig. 38). 
Experimental data are given in figures 20 to 25 for the following 
conditions; 450 angle bend, 900 angle bend, 900 angle bend with a long 
calming section" 450 round bend, 900 round bend" and 1800 round bend. 
Notice that the results using the 900 angle bend Were not seriously 
affected by the addition of the long calming section. 

The point unit thermal conductance fc as predicted by the various 
x 

analytical methods presented in the appendix are plotted in figure 26 at 
a particular value of Be (-50,,000) for comparison. It may be seen that 
values of f given by the equations of Latzko (equations (Al) and 

Cx 
(A2)) and Iversen's simplifications (equations (A5) and (A6)) are about 
20 percent lower than those Given by the expl~ssions of Boelter" 
Mrtrtinelli" and associates (equations (A9) uno. (Al O)) . It should be 

- ------
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noted here that the value of fc predicted by means of equations (A9) 
av 

and (AIO) are about 3 percent lower than the accepted exrression in 
reference 6, which was obtained by analyzing large quantities of data 
taken for long pipes. The fourth curve in this graph (fig. 26) is a 
plot of Iatzko's equation (fl~3) for case II, in which the initial 
velocity distribution is that of fully developed turbulent flow and the 
initial temperature distribution is uniform. 

The equations of Latzko and of Boelter, MB~~inell1, and associates, 
previously mentioned, ere compared with experimental values in figure 27. 
The four experimental f curves are obtained, for one Re (-50 ,000), 

Ox 
from. figures 10 to 13 which include the following entrance conditions: 
bellmouth only, bellmouth with one screen, belJmouth with screen holder, 
and beDmouth with six screens. It will be noticed that the experimental 
curves lie between the two e.nalytical curves and that the increa.s e in the 
degree of turbulence by means of screens a.ffects the values of f only 

Cx 
slightly. Both methods of predicting the point vIdt thermal conductances 
are within 10 percent of the experimental values. 

Figure 28 indicates that Latzko's equa.tioD (Al3) is not reliable in 
the prediction of fc for case II (initial temperature distribution is 

x 
vIdform and initial velocity distribution is that of fully developed 
turbulent flow). Values predicted by the equation are from 10 to 
30 percent low. Note also that the experimental results of fc 

x 
for 

s hortr-<: aJ.ming-s ec ti on ent-ranc e , right--angle-ed.ge 
edge entrance are all higher than equations (A9 ) 
of X/DH less than about 10. 

entrance, and bare sharp­
and (AIO), for values 

The comparison in figure 29 of the vari oCi.s banets used at the entrance 
yields same interesting results which are tentatively explained as follows: 
For sharp-angle bends the change from h5° to 900 increases the f , 

ex 

whereas for smooth bends the reverse is true. This effect indicates that 
apparently for sharp--angle bends the effect of eddying flow predominates, 
so that the increased eddying flow produced by the 900 bend increases the 
rate of heat transfer at the tube entre.nce. For rm;nd bends, however, 
since eddying is not so pronounced, the 450 bend yielCl.s higher heat-transfer 
re.tes by acting as a short calming section. In the C8.se of the 1800 round 
bends, the high fc may be explained by the f a.ct that the centrifugal 

x 
force developed in the bend increased the veloci t y gradient at the bottom 
region of the circular pipe and thus produced the higher heat-tre.nsfer 
rate. All these explanations are tentative, of cou.n:e , and. ffi1.lSt be cr.ecked 
by further experiments designed to prove or disprove ttese argunents. 

--~~------- ---- -
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In figure 30, the following entrance conditions are compared 
(at Re ~ 27,000): right-angle-edge entrance, bare sharp-edge entrance, 
large-orifice entrance, small-orifice entrance, and 90°-angle-bend 
entrance. The extremely high values of point ~it thermal conductances 
resulting from the orifice-entrance condition should be noted. The shift 
of the point of maximum heat transfer is accompanied by the shift of the 
point of high temperature gradient in the wall. The location of this 
point of high temperature gradient i6 important in certain thermal­
stress problema. 

Figures 28, 29, and 30 show that none of the equations derived 
analytically for predicting fc could be used for the following 

x 
entrance conditions: right-angle-edge entrance, bare sharp-edge entrance, 
orifice entrance, short-calming-section entrance, 45°-angle-bend and 
round-bend entrance, 90°-angle-bend and round-bend entrance, and the 
l80o-round-bend entrance. 

In figures 31 to 37 and 39 are shown calculated values of the 
average unit thermal conductance fc as a function of 2/DH with the 

av 
parameter Re. If the ratio fCav/fc 00 is plotted against ~/2 on 

Cartesian coordinates, an approximate linear relation is obtained for 
values of 2/~ greater than 5. An equation of the following form 
18 useful to represent the average value of fa for the length 1.. 
(See appendix A.) 

The values of K as a function of Be and PI', as deM ved from 
analytical methods and the graphs of f If against D '1., are listed 

Cay Coo HI 

in table I. 

C ONCllJS IONS 

From an investigation of the distribution of heat-transfer rate that 
results from a variation of the unit thermal conductance at the entrance 
to a tube for various entering-fluid. condl tions the following conclusions 
were made: 

l. The magnitudes as well as the Variation of the point unit thermal 
conductance f in the entrar£e section of a tube, and consequently the 

Cx 

___ - _____ --~._ -______ -__ --_1 
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r:-.,.':gn1 tudes and the var1atior. of the average nni t thermal c.or:ductance 
fc ' de:per..d greatly on the eEtering-fluid condi tior.s. 

:J.V 

Tt.e values of the LUll t thenn..al cor..ductance dOWDstream 

15 

\-lr.en both the velocity and tecrpera"Cure distributions are fully develo:ped, 
are rract1cally indeper:der:t of the entering-i'11lid ccr.d1tions . 

3. Tr.e e ffect on the unit thennal cor.cillctance of increasing the 
degree of turbulence by addition of screens io no~ligible. 

4. Or.ly one ideal system of turbuler.t flm, in c ircular tubes has 
been succ essfUlly ar~lyzed. For case I, in which the veloc ity and 
temperature distributions are uniform at the er.trance, the point unit 
thernal ccnductar£es were predicted by two methods to within 10 percer.t 
of the experimental data. 

5· Values of the average unit thennal cor.ductance for 7./% 
tr.an about five may be approximated by the eClHation f c av 

= l' (1 
Coo 

greater 

+ K DR) 7. • 

The coefficient K is given for e ight entrance conditions in table I. 

Derartmer.t of Engineering 
Urj versi ty of California 

Berkeley, Calif., Jan. 3, 1945 

I 

1 

I 
J 
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APPENDIX A 

ANAJXTICAL METHOffi 

Exis t ing analytical methods for predicting the variation of the pOint 
uni t thennal conductance along the ent rance section are confined to certain 
ideal cases only. The systems ar...a.lytically i nvestigated are: 

Case I: The veloc i ty and temperature distributions at entrance are 
uniform over the cross section (similar to condition b~ fig . 1). 

Case II: The t emperature distribution i s uniform over the cross 
Gection at the entrance but the velocity ·di stribution i s that of the 
established turbulent flow distribution (similar to conditi on j, fig. 1 ) . 

Case III: The intermedi ate between cases I and I I, in whi ch the 
calming section of case (I I) is too short for the fluid to have attained 
complete hydrodynamic flow before entering the heating section (approxi­
mately similar to condition i, fig. 1). 

Case I 

Latzko (reference 2) gave for case I the following equations for the 
point unit thermal conductance: 

(a) x ° 0.25 
(

1 J for 11r < Dn = 0 .625 Re 

where 10 is the length of the entrance section, that is, the 

distance to the point where the temperature distribution has 
attained its fUlly developed form. 

= 0.0384 Gop B' = 

ReO.25 

.~-~-.- -- - - -~-

(AI) 



~ 
(") 

where 

1. 865 
B' = 1.143 - 0.032~ + 0.00148 ~ 

:t> 

~ 

1.340(4~2 - 22~ + \3/4 1/4[ 2 ( 1. 865)f 2)1 ~ 165) ~ 1 - 0.133~ + 0.024~ + 0.00148 ~ - O.032~ \O.52~ - 0.14~ J ~ 

and. ~ = ~ = 1. 41 Re-l/5(~)4/5 - 0.048 Re -2/5(~)8/5 + 0.168 Be -3/5(~J2/5 

(b) for ~ > (~ = 0.625 ReO' 25) 

GcIJ 
fc = 0.0384 --

x Reo. 25 

= f Btl 
Coo 

-O.1~10 x -2.844 x 
0.874e ReO. 25 DR + 0.0298eReO.25 DR 

-0.1510 x -2.844 x 
0.873e ReO. 25 Dn + 0.0068eReO.25 Dn 

where Btl is the term in :parentheses in equation (A2). 

(A2) 

By graphicall,y obtaining B • avG ~ L" B' d ~ as a f'unction of t = Rs -1/5(~ )4/5 the average urn t 

ther.mal conductance 
leading edge. 

fc could be obtained in terms of £, the t ube length measured from the 
av 

--<-- - - -- -- -- --~- - _. --~~-~~----------------~------

~ 
\J1 
f--' 

f--' 
-..J 
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(a) For ,,< 0.686 or ~ < (~ " 0.625 ReO.
25

) 

(b) For V > 0.686 or ~ > (~ = 0. 625 Re
O

• 25) 

== f (1 + 0.144 ReO. 25 Da) 
Coo I 

Iversen (reference 1) was successful in simpUf'ying the complex 
equations given by Latzko, and presented the following. equations for the 
variation of the point unit thermal conductance in the entrance section 
with initially uniform velocity and temperature distributions. 

(a) For ~ < Re l / 4 
DR 

1 (Dn)O .11h4 
f == 0.0384 Gc 4 -

Cx PReO• 221 x 

x 1/4 
(b) For -- > Fe 

Dr! 

j l )1/4 
f == 0.0384 Gc -

Coo Re 

(A4) 

(A6) 
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For the average unit thermal conductance for a length 2, he gave: 

( a) For 

1 (%)0.1144 
f = 0.0434 Gc 4 --

cav p ReO.221 2 

(b) For 7. R 1/4 -- > e 
~ 

(A8) 

The method of Martinelli (reference 3) presents an approximate 
method of solving case I by postulating that the fluid flow along the 
entrance section is similar to that along a flat plate untIl the boundary 
layer builds up to the radius of the pipe. Thus he gives for air flowing 
turbulently in the entrance section the following equationsl for the pOint 
unit thermal conductance. 

( a) For ~ < 4.4 
% 

-4 T 0.3 G°.8 
f 7.3(10) f 

Cx 0.2 
x 

(A9 ) 

(b) 
x 

> 4.4 For 
% 

4 0.8 
f = 5 • 4( 10) - TO . 3 G 

cx naO. 2 (AIO) 

IBeginning wIth part XVIII of this series, the exponent of T 
(and Tr) and the constants in these equatIons have been simplif1ed. 

-- -- - -- --- -- -- ---- -- -- -- ----
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And for the average unit thermal conductance as a function of length, 

( a) 
2 

- < 4.4 
% 

For 

(All) 

(b) 
2 

For - > 4.4 
DR 

f c = 5. 4( 10) - 4 TO. 
3 

GO. 
8 

(1 + 1.1 %) 
av % 0. 2 2 

f G + 1.1 Du) . 
Cco\ 2 

(A12) 

Case II 

For this system, where the temperature distribution is uniform over 
the cross section at the entrance but the velocity distribution is that 
for fully developed flow, Latzko presents the following e~uation for the 
point unit thermal conductance for values of x/DH from ° to co . 

Gc 
= 0.0346 p 

ReO. 25 

= 0.0384 Gc (1 
ReO. 25 p ~ 

= f Bitt 
Ceo 

-0.1510 x -2.844 x 

R 0.25 1)... "R 0.25 n... 1.078e e ~n + 0.134~.e -n + 

- 29.42 x 

° .980eReO .25 IJH 
-0.1510 x -2.844 x - 29. 42 x 

0.25 Da 0.25 Da 0.25 Da 
0.970e Re + 0.024eRe + 0.006eRe 

-31.96 ~) 
0. 25 D 

_ 0.02 3eRe R 

(A13 ) 

where Bitt is the term in parent heses . 

- ----- J 



The avera~ unit thermal conductance as a function of tube lengt h is obtained qy direct integration. 

(a) For all values of 2jDH 

( b) 

fc 
av " fc~[l + 

° .067 ReO .25 DR -+ 
1 

G 
-2.7 2 

~ 0.1 ReO .25eRe 0.25 % + 
2 2 .7 

For ...l.. > ( .... 5) the following may be used 
DR 

fCav " fc~(l + 0.067 ReO.
25 1J 

-29.27 2 -31.96 
~ ReO.25eReO.25 ~ + 0.023 ReO.25eReO.25 
29.27 31.96 

ni)] (A14) 

(A15) 

Case III 

For case III Latzko offers the following approximate graphjcal method. First the point unit 
thermal conductance at the particular Re of the problem is calculated as if it were for case I, and 
then the calculation is repeated as if it were for case II. Both curves for the point unit thermal 
conductances are laid out at a distance of xa/Da apart, equal to the distance between the beginning 

of the calming section and the heating section, with the fc calculated for case I ahead of that _ . x 

for case II. The "envelope" of the two curves would be the solution for the first approximation. 

~ 
» 
(") 

» 
~ 
~ 
o 

~ 
+:­
V1 
~ 

I\) 
~ 
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For examp1 e , 

I 
I 
t fe 

X 

I I' ,\ 
1\ 

- case I 

I 

case II 

case ill 

I 
fe x I " I , 

I 
I 
I Xo ,4--
L_% 

--- --- ---
t-- x/D.a: 
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APPENDIX B 

SYMBOIS 

heat-transfer area perpendicular to heat flow, s~ ft 

cross-sectional area of tube, s~ ft 

functions defined in appendix A 

specific heat of fluid at constant pressure, 
Btu/(lb) (OF) 

hydraulic diameter of tube 

~ X Cross-sectional are~, ft 

" Wetted perimeter ~ 
unit thermal conductance between pipe and fluid, 
Btu/(hr)(s~ ft)(~) 

average unit thermal conductance in. length 2 of 
tube, Btu/(hr)(s~ ft)(OF) 

local or point unit thermal conductance, x feet from 
entrance of tube, Btu/(hr)(s~ ft}(OF} 

point unit thermal conductance downstream of the 
entrance of tube where the temperature distribution 
in the fluid is fully developed, Btu/(hr)(s~ ft)(~) 

weight flow of air per unit cross-sectional area (~), 
lb/(hr)(s~ ft) A 

heat of vaporization of water at atmospheric pressure, 
Btu/lb 

thermal cono.uc ti vity of ai r, Btu/( hr)( s~ ft) (OF /ft) 

coefficient defined by e~uation f = f II + K ~) 
caY c oo \ 2 

tube length measured from the leading edge, ft 

length of entrance section, ft 

radial rate of heat transfer, Btu/hr 
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* 
Nu 
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radial rate of heat transfer per section, Btu/hr 

radius of test pipe, ft 

rate of condensation for load runs, Ib/hr 

rate of condensation for no-load runs, Ib/hr 

arithmetic average of mixed-mean absolute tempera­
ture of air entering and leaving tube, DR 

ari thmetic average of mixed-mean air temperature 

and tube-wall temperature [~w: t~ + 46~ , oR 

o 
tube-wal1 temperature, F 

o 
air temperature, F 

o mixed-mean air temperature at entrance, F 

mixed-nean air temperature at any particular 
section, of 

weight rate of fluid, 1b/hr 

distance from entrance of tube, ft 

distance into fluid stream measured from the tube 
wall, ft 

specific weight of fluid, Ib/cu ft 

thickness of boundary layer, ft 

absolute viscosity of fluid, (lb)(sec)/sq ft 

kinematic viscosity of fluid, sq ft/sec 

dimensionless ratio of distance (~) 

mass density of fluid, (lb)(sec2)/rt4 

fune tion d.efined in appendix A 

(fCDR) Nusselt number --k--
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Re (
VDH GDH) 

Reynolds number - = 6 
V 3 OOlJ,g 

Pr (
36006IJ.c ) 

Prand tl number k P 
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TABLE I 

Entrance conditions K 

Bellmouth 

Experimen tal 0·7 

Bellmouth with one screen 

Equation _ (A4) 0.144 ReO. 25 

Equation (A12) 1.1 
Equation (A8) 0.128 ReO .25 
Experimental 1.2 

Short calming section with sharp--edge entrance 

Experimental -3 

Long calming section with sharp--edge entrance 

Equation (A15) 0.067 ReO .25 
Experimental 1.4 

45°-angle-bend entrance 

Experimental -5 

90°-angle-bend entrance 

Experimental .... 7 

l-inch-aquare-edge-orifice entrance 

Experimental -16 

1 -1- -inch-square-edge-orifi C9 
2 

entrance 

Experimental .... 7 

--- -- --- ------- --
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(a) Bellmouth . 

• -
(b) Bellmouth with one screen. 

:::: : :::~ - . ~~ ~ 

II 11 11 If II II 1111 '---_ 

(c) Bellmouth with screen holder. 

- ~ : ::: :::: -" "lIlIl nr ll ' I;~ 1 1 1 1 1 1 
(d) Bellmouth with six screens . 

= -
(e) Righ t -angle -edge entrance . 

~~ 
1 ~~~~~~~~r j \ 

(f) Bare sharp -edge entrance. 

~ 

--
(g) Large -orifice entrance. 

;;f-
(m) gOO -angle bend with calming section. 

(h) Small-orifice entrance . 

ILl l1 L~ 

~AM~~~R~~ . ,--
(i) Short calming section. 

;;( 
(n) 450 round -bend entrance. 

~A~iiAi~ : )-
(j) Long calming section. 

/ 
:II:II:II:II:II: II:';II~'~ 

(k) 450- angle -bend entrance. (0) gOO round -bend entrance. 

~ 

;;tJ 
(1) gOO- angIe -bend entrance.. (p) 1800 round -bend entrance. 

Figure 1. - Entrance conditions. ~ 
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1. Two thermometers and thermocouple for inlet temp. 
2. Approach section (see fig. 1) 
3. Steam throttle valve 
4. Test pipe (see fig. 3) 
5. Steam jacket 
6. Steam relief to atmosphere 
7. Rubber connector 
8. Gate valve for adjusting air rate 
9. Thermocouple for final air temp. 

10. Glass tubes (condensate collectors) 

11. 20 thermocouples for tube-wall temp. 
12. Condensate drain 
13. Water manometer for orifice pressure 
14. Orifice 
15. Draft gage for orifice differential pressure 
16. Thermocouple for orifice temp. 
17. Blower suction 
18. .Blower discharge to atmospl::1ere 
19. Resistance box 
20. nO-volt d. -c. for blower motor 

Figure 2.- Test-stand assembly. 
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1. 1/4 -inch s team inlet 
2. Steam jacket 
3. 3-inch pipe segments 
4 . Partition 
5. Leading edge 

6. Condensate tubes 
7. 1/4 -inch .hole to tubes 
B. 1/16-inch rubber gasket 
9. 1/B -inch rubber gasket 

10. Scale behind all tubes 

11. 1/2 -inch drain 
12. Steam to atmosphere 
13 . Rubber tube connector 
14. 1/4 -i,nch hole for steam passage 
15. Slots for thermocouples 

Note: (1) 20 thermocouples for tube-wail temperatures solder ed to corners of grooves; 5 in 
each groove spaced evenly. Grooves frued with Smooth -On. (2) Steam at atmospheric 
pressure throughout. (3) First section 1.31 inches long; sections 2 to 8 apprOximately 
1 inch long; sections 9 to 19 approximately 2 inches long. 

SecfiDn A -A Fi gur e 3.- Heat exchanger. 
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1. 1/4-inch mesh wire screen over intake 6. Back plate 
2. Strings to induce turbulence 7. Test pipe 
3. A.S .M.E. nozzle shape 8. Leading edge of test pipe 
4. 1/8- by 1/8-inch collector ring 9. l/4-inch tubes to vacuum pump 
5. 1/16-inch spacer 

Note: Strings allowed to wave freely. 
Screen over the whole intake area. 

Figure 4.- Bellmouth. 
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Figure 5. - Photographs of approach sections. 
~ . 

L 
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Figure 6.- Front view and bare sharp-edge entrance condition. 

Figure 7. - Bellmouth entrance. Figure 8. - Short calming section. 

Figure 9. - 450-angle bend. 

~ 

_~ J 





NACA TN No. 1451 

~ 
~ 
~ ..... 
0' 
~ 
0:;-
..c: 
~ 
=' 
iii 

->< 
CJ ..... 

~ 
~ 

..... 
0' 
~ 
0:;-
..c: 
~ 
B 
!Il 

>< .y 

20 

/8 

I" 
/4-

/2 

/0 

8 

6 

4 

2 

0 

20 

18 

16 

14 

/2 

10 

8 

6 

4-

2 

0 

: ::::::::::~bl r--t-

I I I 
w Re 

p Z93 SS;S'lo 

'" 2'6 $0,600 
+ 218 4/,800 

" 
0 191 J6,S"()() 

p . 137 26,400 

,\ 

~ ~'" -e- P-D:", _n 

r~ 
-I' 

p-
~ rx_x 1"- p-t-p t--p . f.- p 

"-c---x 1--,. ~-T-!C : ~~, " • .. ... + 
0 

~':' ~-~ ... ~ '1 
I 

0- 0 
0 

,~ I • • ~. 
__ .r- • • 

~ 
1 1 J 

o / 2 3 4 5 , 7 8 9 ~ n u ~ ~ 6 M a 
X/PH 

Figure 10.- Variation of point unit thermal conductance in circular tube with bellmouth 
at entrance. 

.1:1-
0-

I I I 
W Re 

p 291 55,570 
I~ " 261 +9,700 ... 218 4/,800 

\\ 0 /83 35,000 
• 137 26,400 

+\ '\ 
~~~'\' ...... p p -P-. 

P 

" 
\\~ '''. "-x - "- p- roP -I' r-Pr-;;>-l-I' 

0 ... ... ;-i- ,,-1-)( 
" " -- " 1>-

\l' +-r-+ -+ :t-j-·~-t '" L 
10-0 0 0 0 

0_ f-o- _0 r--o 0 6-r-..-
....... -...... r-.'-_l_~- . • -. • • 1--• • • 

~ 
1 J 1 

o I 2 345 b 7 89m HaM ~ ~ M q 

xhH 
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Figure 12. - Variation of point unit thermal conductance in circular tube with bellmouth and 

screen holder at entrance. 
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Figure 14 .- Variation of point unit ther mal conductance in circular tube with right-angle­
edge entrance. 
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Figure 38 .- Photographs showing flow around bends . (Given in "Larm 
und Resonanzschwingungen im Kraftwerkstrieb" hy Dr . lng . F. Michel , 
VDI-Verlag G.m.b.H. (Berlin) , 1932.) ~ 
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