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SUMMARY

Measurements of averege heat-transfer and frictlon coefficients
were obtained with air flowing through & smooth, electrically heated
tube with & hellmouth entrance, and with a length—to-diameter ratlo of
15 for a range of average surface temperature from 875° to 1735° R,
Reynolds number from 2200 to 300,000, exit Mach numbers up to unity,
and heat fluxes up to 230,000 Btu per hour per square foot of heat-
transfer area.

CL-1

The results indicate that in the turbulent range of Reynolds num-
bers based on tube diameter, good correlations of the average heat-
transfer and friction coefficients are cobtained when the physical prop-
erties and density of the air are evaluated at a reference film temper-
ature midway between the surface and fluid bulk temperature. The aver-
- age heat-transfer coefficients correlated with those obtained previocusly

from the same test equipment with longer tubes (length-to-diameter
ratios of 30, 60, and 120) at high surfasce temperatures and heat fluxes
on the basis that the average heat-transfer.coefficient varies as the
-0.1 power of the length-to-diameter ratio. The average frictiom coef-
ficients were the same as the values obtained with longer tubes for
Reynolds numbers &bove approximately 30,000.

In the transition from the laminar to the turbulent range of
Reynolds numbers, the reference film temperature did not give good
correlation and the average heat-transfer and friction coefficients
increased with increasing ratio of surface-to-fluid bulk tempersature
when the fluid properties and density were evaluated &t the fluid film
temperature.

INTRODUCTION

- In an experimental investigation of average heat-transfer and
friction coefficients for the turbulent flow of air in smooth tubes
(ref. 1), it was found that the ratio of surface-to-fluid bulk
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temperature has an appreciable effect on heat-transfer and friction
correlations. A similar effect was obtained in an snalytical and exper-
imental investigation (ref. 2) of local coefficients for fully devel-
oped turbulent flow with variable fluid properties (which precluded any
possible effect of flow development near the tube entrance that may be
included in the average coefficients of-ref. 1). However, for the case
of fully developed laminar flow, an analytical investigation (ref. 3)
indicates that the effect of the ratic of surface-to-fluid bulk temper-
ature is nearly negligible, when alr properties are evaluated at the
bulk tempersature. o -

From these investigations it might be expected that in the transi-
tion region from leminar to turbulent flow the effect of the ratio of
surface-to-fluid bulk temperature veries between the two limits. More-
over, in the entrance region of a tube in which the flow is not fully
developed the effect of the ratlio of surface-to-fluild bulk tempersture
1s uncertain.

In view of thils uncertainty and of the current interest in short-
tube heat-exchanger applications utilizing the higher heat-transfer
rates attending flow development Iin the entrance region, the scope of
the Investigation of reference 1 is extended herein to a tube having
a8 length-diameter ratio of 15. The data are presented in the form of
average heat-transfer and friction coefficients and are compered with
the data of reference 1 and with the data of references 4 and 5 obtained
for ratios of surface-to-fluild bulk temperatures near unity.

APPARATUS

The experimental setup is essentlally the same as described in
reference 1. For convenience, however, the apparatus is briefly
reviewed.

A schematlc diagrem of the test section and associated equipment
is shown in figure 1. Compressed air at about 100 pounds per squsare
inch was supplied through a pressure-regulating velve into a surge
tank. From the surge tank the alr passed through a second pressure-
regulating valve into & bank of rotameters and then intc a mixing tank,
which consisted of three concentric passages so arranged that the air
mede three passages through the tank before entering the test section.
Baffles were provided in the central passage to promote thorough mix-
ing of the air before it entered the test section. From the test sec-
tion the air flowed through a second mixing tank and was then discharged
to the atmosphere. The test section, mixing tanks, and adjoining pip-
ing were thermally insulated.
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The temperature of the air entering snd leaving the test section
was measured by peirs of iron-constantan thermocouples located down-
stream of the mixing baffles In the entrance and exit mixing tanks,
respectively.

Test Section

The test section, as shown in figure 2, consisted of an Inconel
tube having an inside dilameter of 0.402 inches, a wall thickmess of
0.049 inches, a length of 6 inches, and a length-diameter ratio of
approximately 15. Steel flanges were welded to the ends of the tube
for electrical connections. A bellmouth nozzle having a throat diam-
eter equal to the inside diameter 'of the tube served as an entrance to
the tube.

Pressure taps were installed in the flanges at the ends of the
tube, to measure the static pressure drop.

The outside wall tempersture was measured at 18 locations by means
of chromel-alumel thermocouples and a self-balencing, indicating-type
potentiometer. One thermocouple was loceted on each flange and two
thermocouples 180° apart at eight statlions along the tube.

Electrical System

Power was supplied to the heater tube from a 208=-volt, 60-cycle
supply line through an sutotransformer and a power transformer. The
low-voltage leads of the power transformer were connected to the steel
flanges on the test section by means of copper cables.

An smmeter comnected to the load through a 240:1 instrument cur-
rent transformer was used to measure the current through the test
section. The voltage drop mscross the test section was measured by
means of a voltmeter connected to the steel flanges of the tube.

The capaclty of the electrical equipment was 15 kilovolt-amperes.

Range of Conditions

Heat-transfer and associated pressure-drdp data were obtained over
a range of surface temperatures from 875° to 1735° R, inlet-air temper-
ature of 535° R, surface-to-air temperature ratio from 1.6 to 2.8, heat
flux up to 230,000 Btu per hour per square foot, Reynolds number from
2200 to 300,000,and exit Mach number up to unity.
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SYMBOLS

The following symbols are used in this report:

specific heat of air at constant pressure, Btu/(1b)(°F)
ingide diameter of test section, ft

voltage drop across test section, volts

modified average frictlon coefficlent

mase flow per unit cross-sectional area, 1b/(hr)}(sq ft)
acceleration due to gravity, 4.17x108 £t/hr?

average heat-transfer coefficient, Btu/(hr)(ftz)(oF)
current flow through test section, amperes

thermal conductivity of air, Btu/(hr)(sq £t)(°F/ft)
heat-transfer length of test sectlon, ft

absolute stetic pressure, lb/sq Tt

friction statlc-pressure drop across test section, lb/sq ft
rate of heat transfer to air, Btu/hr

electricel heat input, Btu/hr

rate of heat trensfer to air, W cP(T2 - Tl), Btu/hr
rate of heat lost to surroundings, Btu/hr

gas constant for air, 53.35 £t-1b/(1b)(°F)
heat~-transfer ares of test section, sq £t

total or stagnation temperature, °r

average bulk temperature, defined by (T1+T2)/2, °r
average film temperature defined by (T_+T,) /2, °R

average inside surface temperature of test sectionm, °r

2627



L292

NACA RM ES3EO4 5

t static temperature, °r

v velocity, ft/hr

W air flow, 1b/hr

T ratio of specific heats of air

i absolute viscosity of ailr, 1b/(hr)(ft)
o density of air, 1b/(cu ft)

cpu/k Prandtl number
oD/ Reynolds number

hD/k Nusselt number

Subscripts:

b bulk (when applied to properties, indicates evaluation at aver-
age bulk temperature T)

hig film (When epplied to properties, indicates evaluation at
average film temperature T.)

1 test-section entrance

2 test-section exit

RESULTS AND DIESCUSSION
Axisgl-Wall-Temperature Distribution

Representative axisl outside-wall temperature distributions are
shown in figure 3. The outside wall temperature is plotted against the
distance from the tube entrance for each temperature level for a high
flow rate. Also included for the highest temperature level is a wall-
temperature distribution obtained during heat-loss runs in which there
was no air flowing through the tube. The rate of heat transfer to the
air, the air flow, the temperature rise of the alr, and the average
inside tube wall temperature are tabulated.

For the case of no air flow through the tube, the heat genersated
in the tube wall i1s lost by means of conduction through the electric
connector flanges and cebles and thus the wall temperature is affected



6 NACA RM ES3EC4

along the entire length of the tube by the end losses. The portion of
tube along which the wall temperature is affected by end losses dimen-
ished as the flow rate increased.

Heat Balance

The heat balance is shown in figure 4 where the ratio of the elec-
trical heat input minus heat loss to the heat transferred to the sair,
as determined by flow rate and temperature measurements, is plotted
against the heat transferred to the air. The heat balances obtained at
low heat inputs and correspondently low flow rates were very poor. In
this region the outlet air temperature could not be measured accurately
because the extremely low velocities in the outlet mixing tank prevented
the attainment of equilibrium conditions in the mixing tank.

The heat balance improved rapidly with incresse in flow rate and
for values corresponding to turbulent flow in the test section the
unaccounteble heat loss diminished to 7 to 10 percent of the heat input.
For the higher flow rates the flow rate and temperature-rise measure-
ments were believed to be somewhat more dependeble then the electrical
and heet-loss measurements. The reverse is true at low flow rates
because of the inaccuracies in measuring the outlet air temperature as
stated previously. Therefore, the hest-transfer coefficients are cal-
culated herein from the flow rate and the temperasture rise of the air
in the high-flow-rate region (Reynolds number greater than 10,000) and
from the electrical heat input and heat-loss measurements in the low-
flow-rate region.

Correlation of Heat-Transfer Coefflcients

The average heat-transfer coefficient h was computed from the
experimental data by the relation

- Q
. S Tg = Tb

Q=We, (T3 - T;) or (3.415 ET - qr)

(1)

where the bulk temperature of the air Tb was tsken as the arithmetic
measn of the total temperatures at the entrance Tl and the exit To

of the test sectlon. The average surface temperature T, was taken

as an integrated average of the local cutside wall temperature less the
temperature drop through the wall.

2627
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The physical properties of air used in calculating the Nusselt,
Reynolds, and Prandtl numbers are the same as those used in reference 1
wherein the viscosity end specific heat were based on values reported
in reference 6 and the thermal conductivity was assumed to vary as the
square root of temperature.

The results presented in reference 1 for turbulent flow in tubes
having length-to-dlameter ratios of 30 to 120 indicate that the average
Nusselt number decreases progressively as the ratio of surface-to-rluid
bulk temperature increases when the fluid properties are evaluated at
the fluid bulk temperature. The effect of the ratio of surface-to-bulk
temperature was eliminated by evaluating the properties of the air,
including the density term in the Reynolds number at the film tempera-
ture, defined as the arithmetic average of the surface and bulk temper-
atures, and the data for Reynolds numbers greater than 10,000 were well
represented by the following relation:

- oD o.a<c . uf>o.4 01
5 0.034 < ™ > kaf (ﬁ> (2)

The average Nusselt numbers obtained hereln for a range of Reynolds
number from 2200 to 300,000 and ratios of surface to bulk tempersature
from 1.6 to 2.8 are shown correlated asccordingly in figure 5. A line
representing equation (2) is included for comparison. The data for
Reynolds numbers larger than 10,000 agree very well with the reference
line and show very little varilation with ratio of surface-to-bulk tem-
perature, which indicates that the effect of flow development on the
average Nusselt number is adequately represented by the length-to-
Giameter ratio raised to the -0.1 power over the range of length-to
diameter ratio of 15 to 120. Also, the effect of the ratio of surface-
to-bulk temperature on the average Nusselt number is neerly the same as
that obtained with long tubes, end that flow development hes little
influence on this effect for tubes exceeding 15 diameters in length.

The results of an analyticel investigation presented in reference 3
for the case of laminasr flow in tubes with fluid properties variasble
along the radius indicate that the effect of the ratio of the surface-
to-fluid bulk tempersture is negligible when the fluid properties are
evaluated at a temperature near the fluld bulk temperature. Hence, it
may be expected that in the transition from laminar to turbulent flow
(Reynolds number from 1000 to 10,000) the effect of the ratio of
surface-to~fiuld bulk tempersture varies with Reynolds number in the
transition region and could be eliminated by evaluating the fluid phys-
ical properties and density at a reference temperature which varies
from the fluid bulk to the fluid f£ilm temperature as Reynolds number is
increased.
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This effect, together with the poor heat balance obtalned at low
Reynolds numbers, accounts for the increased scatter of the data
obtained for Reynolds numbers less than 10,000.

A comparison of the average heat-transfer coefficlents obtained in
reference 1 for a tube having a length-to-diameter ratio of 120 and the
local heat-transfer ccefficients obtained in reference 2 near the end
of a tube 87 diameters in length (which precludes any effects of flow
development on the local heat-transfer coefficient) indicates that the
average and local heat-trangfer coefficients bhave the ssme value. Hence,
for tubes longer than 120 diameters the average heat-transfer coeffi-
cient remains constant with increase in length-to-dismeter retioc and
equation (2}, by the substitution of IL/D = 120, becomes

0.8 0.4
pe V.D c
.11%‘2 - 0.021< fb ) (P’f uf) (22)
£ Me ke

An alternate method of correcting for the effect of the ratio of
length-to-dlameter on the average heat transfer is presented in refer-
ence 7 1in which correlation of the data of references 4 and 5 and wvar-
ious other investigators was obtained by use of the parameter

(1 + 1/p70-7). This method has the advantage that a single relation
can be used for all length-to-diameter ratios. The present datae and
some typical data of reference 1 are replotted accordingly in figure 6
for representative low- and high-heat-flux conditions. Included for
comperison ig the line represented by the followlng expression:

018 _Ol7

o] c 0.4

D _ 0,021<}£_YEB) —21;;££\ 1+ (E) (3)
kp he ke D

The effect of length-to-dlameter ratio on the averege heat-transfer
coefficlent is further illustrated in figure 7 wherein the mean values
of the present data and those of reference 1 for Reynolds numbers above
10,000 are compared with the data of references 4 and 5 obtained at
low heat fluxes. Included are the broken, dashed, and solid lines
representing equations (2), (2a), and (3), respectively. The present
deta and those of reference 1 are best represented by equation (2),
while the data of references 4 and 5 are best fitted by equation (3).
For the entire range of length-to-diameter ratioc, equation (3) best
represents all the data and is the most advantageous one.

L2928
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Correlation of Friction Coefficient

The method of calculating the average friction coefficilent is
essentlally the same as described in reference 1 wherein

_ fPer (4)

2
4Lpfvb
D 28

Ap =(p - p _.(_}EB. 22_-}_1
fr 1 2 g PZ Pl
P1 * P2\ tp
= \TF ) %,

- @) [t BT+ = ot

The subscripts 1 and 2 refer to positions within the tube, located
1/8 inch from the entrance and exit ends of the tube, respectively.

ff=

where

and

The average friction coefficients as calculated previously are
shown in figure 8 correlated by the method proposed in reference 1 for
high-heat-flux conditions. Inciuded for comparison is the line repre-
senting the von Kérmén-Nikuredse relation for turbulent flow in pipes
corrected for the effect of heat flux on friction factor, which is

VD
L =2 1og —f—-b—VB _f - 0.8 (5)
e M 2

8 =

For Reynolds numbers above 30,000, the friction coefficients are
in reasonable agreement with the reference line and no effects of length-
to-diameter ratio are noticeable, which was unexpected in view of the
observed effect of length-to-diameter ratio on the average heat-transfer
coefficlents. In the lower Reynolds number region, the friction coef-
ficients deviate considerably from the reference line. The data
obtalned without heat addltion fall below the reference line and indi-
cate that the transition from laminar to turbulent flow extends up to a
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Reynolds number of aspproximately 30,000. The data also vary with ratio

of surface-to-bulk temperasture, indicating that the effect of heat flux .
in the transitior region is less than that obtained in the fully turbu- »
lent region, and hence equation (5) ies not sppliceble in this reglon.

SUMMARY OF RESULTS

The results of this investlgation of heat transfer and pressure
drop for air flowlng through & smooth tube having a length~dlameter
ratio of 15 for a range of surface temperature from 875° to 1735° R
and corresponding surface-to-bulk temperature ratio from 1.6 to 2.8, _
Reynolds number from 2200 to 300,000, and heat flux up to 230,000 Btu
per hour per square foot may be summarized as follows: L

2627

1. The effect of the ratio of surfece-to-bulk temperature on cor-
relations of the average heat-transfer and friction coefficients for
turbulent-flow Reynolds numbers above 10,000 was the same as that
obtained in a previous Investlgation for longer length-to-dliameter
ratio tubes, and was eliminated by evaluating the physilcal properties
and density of the air at a film temperature halfway between the bulk
and surface temperatures.

2. In the transitlon from the laminar to the turbulent range of
Reynolds numbers based on tube dlameter, the average heat-transfer and .
friction cpefficients increased with increasing ratio of surface-to-~
bulk temperature and indicated that the reference film temperature is _
not appliceble in thils region.

3. The data of the investigation correlated with the data obtained
in previous investigations with longer tubes on the basls that the heaf-
trangfer coefficient varies as the -0.1 power of the length-to-diemeter
ratio.

4, No effect of length-to-dlameter ratlo on correlatlion of the
average friction coeffilicients was obgerved for Reynolds numbers above
30,000.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, Mareh 20, 1983



CL-2 back

L2923

NACA RM ES53EC4 ' 11

REFERENCES

Humble, Leroy V., Lowdermilk, Warren H., and Desmon, Leland G.:
Measurements of Average Heat-Transfer and Friction Coefficients
for Subsonic Flow of Air in Smooth Tubes at High Surface and Fluid
Temperatures. NACA Rep. 1020, 1951. (Supersedes NACA RM's E7L31,
ESLO3, E50E23 and ES0H23.) ‘

Deisgssler, R. G., and Eian, C. S.: Analytical and Experimental
Investigation of Fully Developed Turbulent Flow of Air in a Smooth
Tube with Heat Transfer with Varisable Fluid Properties. WNACA TN
2629, 1952.

Deigsler, Robert G.: Analytical Investigation of Fully Developed
Laminar Flow in Tubes with Heat Transfer with Fluld Properties
Veriable along the Radlus. NACA TN 2410, 1951.

Boelter, L. M. K., Young, G., and Iversen, H. W.: An Investigation
of Aircrsft Heaters XXVII - Distribution of Heat-Transfer Rate in
the Entrance Section of & Clrculer Tube. NACA TN 1451, 1948.

Cholette, Albert: Heat Transfer - Local asnd Average Coefficients
for Alr Flowing Inside Tubes. Chem. Eng. Prog., vol. 44, no. 1,
J&n- 1948, PP- 81-880

Keenan, Joseph H., and Kaye, Joseph: Thermodynamic Properties of
Ajr. John Wiley & Sons, Inc., 1945.

McAdams, W. H., Addoms, J. N., and Kroll, C. L.: Heat Transfer and
Pressure Drop for ‘Alr Flowing in Smell Tubes. NEPA - 1688, Fair-
child Engine and Airplane Corp., M.I.T., U.S. Atomic Energy Comnm.,
Osk Ridge (Tenn.), Dec. 1950. (Contract No. SC-2008.}



1

NS

X Thermocouples Voltmeter
4] Pressure-regulating valve ~\
Mixing -/
IM—: J
= Test section | Mixing
(’ l n_l tank
Wattmeter $ =4
Armeter
L
e A2 QAR LA ——
[ sover trsast TE BT oy
ower transformer -cycle supp
V1| V|| V||V |rotaneters Auto-
trensformer
Surge
x be
= Cleaner -—Alr
E supply

Figure 1. - Schematle diagram showlng arrangement of apparatus.

L292

2T

POHESH WH VOVH




A —— — ks —

-
-~

-~

_ - |
aan N x = X "“J‘FH

.. 2627

:
Station 1 Statlon 2 E
[ | =
6" | g
1" 1" 1 Distance between thermocouples im A 1J S
[T T B L e Ve L e T B
1" Pressure |taps 4__%
|
\
N
R
N

1/2" Tnconel tubing |

-« Flange for electrical connection v

X Thermocouple

Figure 2. - Test section showing thermocouple and pressure-tap location.




14

Gutside wall temperature, °r

2200

2000

1800

1600

1400

1200

1000

800

800

NACA RM ES3EQ4

T~NACA @r, % W T-Ty,

Btu/hr Btu/hr 1b/hr OF

58.65 50 0 )
5,367 4,880 564 36

(]
v
& 9,952 8,800 572 84
[0 15,390 13,720 554 103

TB’
OR -
1710
895

1235
1732

1292

N

- N~ T
<
/L {

T

,
e

0 1 2 3 4 S

Distance from entrance, in.

Flgure 3. - Representative wall-temperature distributions.



2627

NACA RM ES3EQ4

14x10°

12

8

8

L&

&

b

¢

[3Y]
o

(Tz - 21)%n

—

8807 2%2Y - Jnduj 1B2H

1.0

15

4
g g
A g
PR
~, R
B4
3
_H_H
1=
Smge®
P
=
m
A
=



1000

|~
)V
e
o>
01 Ty, Te/Ty
R
T e v 81 1.6
2 le O 1240 2.1
2 e h O 1735 2.8
£ |5 100
ool I
- ~
?5‘ g D|
T ” 0.8 0.4 -0.1
g (2 020
/f! kg b kg D,
d &
//
O/
_ A
10 I 1117
103 10% 105 108

Reynolds number, prbD/ He

Flgure 5. - Correlaticn of heat-transfer coefficilents with wariable heat flux. Length-dismeter

ratio, 15; bellmouth entrance, inlet temperature, 535° R; properties of alr evaluated st film
temperature.

: 1292

9t

FOESSE WH VOVN




17

3R NACA RM E53EO4
-
1000
4
/
A,
TR
o
100 -y
=~
5 ,
a 0, 0.8 0.4 -0.7
[n] ppV. D ()
E ];Q = 0.021 <_fi.) (_Eéﬂ'.) [1 - (']Li) ]
N £ Be £
) r._"_'.
> |«
2 S i o,
o 7 o
[=
‘;i 1 L/D Ty, T/m,
ey P o °r
AT ol DY) O 15 875 1.6
. ~ " = 1735 2.8
— 4 A 30 880 1.5
I W ~ A 1685 2.4
9 O 60 885 1.4
. ™ 1735 2.3
S ¢ 120 850 1.3
] ¥ ¢ 1255 1.7
NACA
N P LITH]
103 104 10° 106

Reynolds number, prbD/uf

Figure 6. - Alternate method of correlating heat-transfer coefficients with variation in length
to diameter ratlo. Bellmouth entrence; inlet temperature, 535° R; properties of air evaluated

et film tempersture.



T T 1T T
Reference W-

(o] 4 -

A 5

a 1

{ DPresent data

0.8 0.4 0.1
[--h—k:=o.os4 (—‘i@) (%) (5 tea (20

o005 - 4

- 0.8 ) =/ I N I I 0 1 O R N
Zm) 0 W e T 08 o _}
E;- 0.021 ( e (—PT—-) j.+(%) ](eq (3)) mD 0.021 11'11’_])) (—EEIL“E) (eq.| {2a))

LU e LT

1 10 100 =
Length-diameter ratio, L/D

ol

[
]

{pVD/u)° B(cpu/klo 4
\%
y

e
kS

Flgure 7. ~ Comparison of variations of average heat-transfer coefficients with length-to-diameter ratic. Bellmouth entrancej
Reynolds number =>10,000.

POERSH WY VOWN




7L - so-8-1 - SATET-VIVN

Ts’ Ts/Tb

Q 53 1.00

X 875 1.54
1250 2.10

O 1750 2.74
vonKarman-Nikuradse
relation

O

Friction fector, £./2
o
l_l

PeVpD f
= 2 log ( 8—J)-0.8
¥

off

%

Figure 8. - Correlation of average friction factors.

temperature Tf.

10

&

105

Reynolds number, pfvbD/uf

Viscosity and density evaluated at film

POASSE WY VOVN

61




*IHIMMHIN T

176 01435 7066 -




