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ABSTRACT
When convective heat transfer takes place under large

temperature difference conditions the fluid transport prop-
erties may vary markedly over the flow cross-section, invali-

dating theoretical solutions based on constant properties and
empirical correlatlons based on small temperature difference
experiments:. This problem has been investigated analytically
for fully established laminar and turbulent flow in circular '
tubes, but the only really extensive experimental work for the
case of the flow of a gas appears to be for turbulent flow
wlith the gas being heated., The analytical solutions indicate
that the turbulent flow heating problem shows the greatest
temperature dependent properties effect, while the effects are
small for laminar heating and negliglble for laminar and tur-
bulent cooling, but experimental verificatiomQf this fact is
meager and some of the simplifying assumptioggqiblﬁhe analyses

definitely req&iretyerification. The obJjectlve of _the present
f Lot -—

investigation ’ to experimentally determine the effect
of large temﬁérature differences for flow of air in a circu-
lar tube under the condltions of laminar flow heating, lami-~
nar flow cooling, and turbulent flow cooling.

Experimental data are presented for laminar flow heating
and cooling up to absolute temperature ratios of about 1,8,
and for turbulent flow coolling for absolute temperature ratios
from 1.5 to 2.7. The laminar flow heating data, despite tem-
perature rises of as much as 1100°F, and temperature differ-
ences as high as SSOOF, show neglliglible temperature dependent
properties effects, and in fact correspond very closely to
the Graetz solution (extended) if all properties are evalua-
ted at local mixed-mean temperature. The laminar cooling data
also correspond well with the Graetz solution for mean Nusselt
number with respect to.length, provided that properties are
eJaluated at the logarithmic mean temperature with respect to
end temperatures and wall temperature. The turbulent cooling
dava show no detectible effect of temperature ratio when
properties are evaluated at the logarithmic mean temperature. 3 :
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NOMENCLATURE

English Letter Symbols

A =

Q o =
1

o0 " H
i

=
!

heat transfer area,ft2

function of x' defined by Eq. (26)
function of x' defined by Eq. (26)
constant in series solution, Eq. (3)

specific heat at constant pressure, Btu/(1b°F)

. tube diameter, ft

mass velocity, le/(hPftz)
function defined by Eq. (4)
- function defined in Eq. (15)

convection heat transfer conductance,
Btu/ (hrft2°F)

electrical current, amps

s
thermal conductivity, Btu/(hrft<°F/ft)
tube length, 't

dummy nondimensional tube length variable of
same character as xt

heat leak, Btu/in
power input, Btu/in
heat flux, Btu/(hrftz)

heat transfer rate per unit length, Btu/(hrft)
heat flux (same as q ), Btu/(hrft°)

electrical resistance, ohms

elgenfunctions, see Eg. (3)

radial coordinate measured from tube centerline,ft

tube radius, ft

nondimensional radial pesition, r/ro
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T - temperature, °R

TCl - uniform fluid temperature at beginning of tube, °Rr
Tw - wall surface temperature, °R

T - mixed-mean f1luild temperatdre, °R

t - thickness of tube wall, ft

U - overall heat transfer conductance, Btu/(hrft°F)

v - rjiuid velocity, ft/sec

W - fluid flow rate, lbs/hr

X - axial coordinate in tube, ft

xt - nondimensional axial coordinafe, (x/ro)/(NReNPr)

Greek Letter Symbols

a - thermal diffusivity, f‘t/hr2

a - 'temperature coefficient of electrical resistivity,
1/°F

Y, - elgenvalue defined by Eg. (14)

€ - heat exchanger effectiveness

€y - turbulent eddy dif‘fusivity,_ft/hr2

8 - nondimensional temperature defined by Eq. (2)

em - nondimenslonal mixed-mean temperature

A, - elgenvalue defined by Eq. (3)

n - coefficient of viscosity, 1bs/(hrft)

Nondimensional Groupings

Nyu - DMNusselt number, hD/k
N - local Nusselt number
Nux
NNu - mean Nusselt number with respect to tube length
m
Nu - Nusselt number based on constant fluild properties, )
iso i.e., with temperature difference approaching
Zero.
Nz, - Reynolds numper, DG/
viii
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N - Prandtl number, ucp/k

NTU - number of heat transfer units in a heat
exchanger, AU/(wcp

X - nondimensicnal tube length parameter,

(x/ro)/(NReNPr
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SECTION I
LNTRODUCTION AND OBJECTIVES

The questlon of the influence of temperature-dependent
property varlations on the heat transfer characteristics of
a gas flowing in a circular tube arlses whenever the tempera-
ture difference for convection becomes more than 100-200°F,
Since most convectlon heat transfer data have bteen taken from
experiments involving small temperature differences (a temp-
erature difference teing small if the mass and thermal trans-
port properties, such as viscosity and thermal conductivity,
do not vary significantly through the flow), there 1s little
amblguity involved when this data 1s correlated by the use
of dimensionless parameters 1nvol§ing the mass and thermal
transport properties of the fluld. However, the following
question arises when aprlying these data to situations in-
volving large temperature differences: at what temperature
should the properties be evaluated; and what influence has
a large property varlation across the tube?

In the case of small temperature differences this ques-
tion does not arise because the transport properties are es-
sentially constant, both across the flow cross-section and
in the direction of [low.

For large temperature differences, it 1s usually most
convenlent to evaluate the local properties at the local
mlxed-mean temperature. But 1f the surface conductance 1s
evaluated from experimental correlations constructed with
small temperature difference data, and if all transport prop-
ertles are evaluated at the local mixed-mean temperature,
will the actual local surface conductance, 1in the case of
large temperature difference, be higher or lower, and if so
how much?

It should be noted here that temperature dependent prop-
erty varlation across the flow cross-section is not the only
important variation., Essentially the same questions as were
raised about variationu across the flow cross-section can be

DU i i et e e,
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raised al ..t variations in the direction of the flow. In
fact, frequently the two effects cannot be separated, as in
the case of intermediate effectiveness heat exchangers, It
i1s to be expected that for low éffectiveness heat exchangers
the variation across the flow cross-section will be most im-
portant, and that for high effectiveness heat exchangers thLe
varlation ir the flow direction will be more significant.

As the temperature differences encountered in applica-
tions have increased, this question of property variation has
become more significant. There i1s a moderace amount of ,ex-
perimental data involving large temperature differences avail-
able, and several methods of correlation have been tried with
varying degrees of success., A common approach is to evaluate
certaln or all of the properties which occur in the dimension-
less parameters at some temperature intermediate between the
mlxed-mean temperature and the tube wall temperature, and some
at the mixed-mean temperature. In the case of gases this may
involve abandonment of the mass flow velocity (G), a useful
parameter atout which there 1s no ambiguity.

In the case of convection heat transfer to or from lig-
ulds, density and thermal conductivity can usually be treated
as constants, as the variation of these properties is usually
small. It is thus only the viscoslity which varies markedly,
and hence the effects of temperature dependent property varia-
tion on the heat transfer characteristics are simply the ef-
fects of a deformation of the velocity profile. In thils case
a correlation in which the viscosity 1s evaluated at an in-
termediate or "film" temperature, or the use of a wall-
viscosity-to-mixed-mean-viscosity ratio as a correction factor
i1s sufficient.

In the case of convection heat transfer to gases the sit-
nation is more complex. Not only can viscosity vary markedly
across the flow cross-section and in the flow direction, but
also the density and the thermal conductivity. 1In effect,
with gases, the momentum and the energy equations are coupled
and must be solved simultaneously. It is no longer possible

i+ o et e A S St —— - NS AEL L R,

e L e T

O PR ARG RS



W

TR

to easily predict the effects of the variation of the tempera-
ture dependent transport properties. As an illustration of
this point, and as an illustration of the sensitivity to ge-
ometry, the analytical solutiors which do exist7* indicate
that for laminar flow between parallel plates the surface
conductance will Increase when large tempcrature differences
are 1nvolved in the case of heating, while for laminar flow
in circular tubes under similar conditions the surface con-
ductance will decrease, Fortunately, the important trans-
port properties of most gases vary 1n a similar fashion with
temperature, and hernce it is to bte expected that experimental
data obtainad with air as the fluid medium would apply to
other gases as well,

Most of the experimental data which involves large tem-
perature differences with gases2 has been taken from experi-
ments 1n which ailr in turbulent flow was heated. This data
can te successfully correlated by a correlation of the form,

| Tw a
NNu = g(NRe’NPr) T

wrere a 1s an empirical constant, and where all properties

are evaluated at the mixed-mean temperature of the fluid.

The areaz of greatest need now for experimental data are tur-
bulent flow with the gas being cooled, and laminar flow, both

heating and cooling,
The experimental data taken in this work has been carried

out to help fill this gap. In particular, the objectives of
this work include the following:

1. To experimentally determine the effect of large tem-
perature differences for a gas being heated at approximately
constant heat rate per unit of tube length in laminar flow
in a circular tube, and to determine if an entry-lergth solu-
tion of the Graetz type (based on constant properties) can be

¥
Numbers 1in superscript refer to the references.
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used, with sultable modifications if necessary, under large
temperature difference conditions. This part of the inves-
tigation 1s concerned with local heat transfer conductances

measured along a tube.

2. To experimentally determine the effect of large
temperature differences for a gas belng cooled with a con-
stant surface temperature in laminar flow in a circular tube.
This part of the investigation 1s concerned with mean heat

transfer conductances with respect to tube length,

3. To experimentally determine the effect of large tem-
perature differences for a gas btelng cooled with a constant
surface temperature 1n turbulent flow in a circular tube.
This part of the investigation 1s concerned with mean heat

transfer conductances with respect to tube length,

The following will be divided into six secticons. Be-
cause c¢f the great utllity of the available analytical solu-
tions, and because they are used as a theoretical reference
wlth which to compare the experimental data, the second sec-
tion summarizes these solutions., The third summarizes and
dlscusses previous investigations of the problem of tempera-
ture dependent property variations in gases flowing in circu-
lar tubes. The fourth section 1is a description of the experi-
merncal apparatus. The fifth summarizes the data reduction
procedure. In the sixth the experimental results are dis-
cussed, and the conclusions are summarized 1in the seventh.




SECTION II
CONSTANT PROPERTY ANALYTICAL SOLUTIONS

In thls section a brief sumﬁary of the avallable analyti-
cal solutions for heat transfer to a fluld flowing in a cir-
cular tube 1s presented. More detalled information can be
found 1n the given references, All the solutions presented
are for the case of constant properties and fully developed
velocity profile, Thus they are only expected to apply where
the temperature differences involved are small, and wherz the
velocity profile 1is fully developed at the start of the heat-
ing section, or where the Prandtl number 1is large so that the
veloclty profile develops very much more rapidly than the
temperature profile.

The Graetz solutlion covers the case of fully established
laminar flow (parabolic velocity profile throughout) with a
uniform fluld temperature at the point where the wall surface
temperature suddenly steps from the fluld temperature to a
new temperature and remains constant thereafter. The solu-
tion then ylelds the fluld temperature as a function of a
radial position rt , and an axial position, xt . These
results are (bfained starting with the differential energy
equation,

0 - fg o) =

V oT
r a (1)

ox

After introduction of the parabolic velocity distribution,
Eq. (1) may ve rendered nondimensional as follows:

L9 [+ ). 1- ) 2 (2)
r' or or ox
where Tw -7 ..
6 = = g(x",r")
TN - To ’
+ X
X =
roNReNPr
‘+ —
r o= r/ro

(&2}



The boundary conditions for (2) are
6(0,rt) =1
o(x*,1) = o

Equation (2) with the given boundary conditions 1s an elgen-

value problem, and the solution may be written in the form
2.+
6 = ; C R (r+)e A (3)
nn

where Bn are the eigenfunctions and Ae are the correspond-

n
ing elgenvalues,

With the temperature distribution established the heat

flux at any axial position, q(x+) » may be readily computed
from the gradient at the wall,

2_+
(<) =2 3 ¢ (p g (4)
a(x = — e -
Ty neg 0 W o
where Cn
5 = - 22 R(1)
Lipkis1 has computed a large number of the elgenvalues

and constants for Eq. (4), Sellars, Tribus, and Kleip~
obtained an asymptotic solution which 1is accurate for large
n . The asymtotic €xpresslons for the eigenvalues and con-

stants are,

4n + 8/3 (5)

>
I

G
n

1.01276A;1/3 (6)

The mixed-mean fluid temperature, 8, » can be evaluated

at any x* by integrating Eq. (4) with respect to x* , and

making an €nergy balance on the flow stream., The result is

2.+
5 3 jG”e_w (7)
g8 =8 P 7
m n=0 An

With the heat flux and mixed-mean temperature established
at all points, a 1lccal heat transfer coefficient and a local
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Nusselt number can readily be defined and evaluated.

0 -A§x+

-A§x+

Gn
—= €

o o)

2 2

n=0 -A°
n
For large xt  the series are rapidly convergent, and even
tually only the terms corresponding to n = 0 are signifi-
cant. Then Eq. (€) reduces to the expression for the asymp-
totic Nusselt numbter for a long tube.
2

A
NNu = —%— (9)

o0

Using the Graetz step function solution as a base, the
method of superposition can now be employed3 to solve two
types of variable surface temperature problems: (a) the sur-
face temperature distribution with length 1s prescribted and
1t is desired to evaluate heat flux at all points; (bt) the
heat flux distribution with length 1s prescribed and it is
desired to evaluate the surface temperature at all pcints.

I7 ine surface temperature variatiorn is rrescribed, the
heat flux, q(x+) , at any point may be evaluated from

n k |xt ! dT,, Kk 5
q(x") = — |/ e(x" - P 7 4L+ 2 9r+(x —L,l)ATwi
o 10 i=1
(10)
here
! o DCIERsy
0.+ =-2 I G (11)

n=0

L 1s a dummy variable varying from ©O to x* . The inte-

gral in Eq. (10) represents the effects of a continuous vari-
ation in the surface temperature while the summation accounts
for steps or dlscontinuities. Thus ATWi 18 'the helght of

the 1th step located at Li .
If the heat flux 1s prescribed and the wall temperature




1s to be solved for, the problem 1s more complicated. Only
the computing equations wlll be glven here. For more de-
taitled informatlon, see reference 3 ., The computing equa-

tions are as follows:
ro ot m
T -T =— [ g(x" - L,1)a(L)dL (12)
0

-

v (6] {

wnere q(L) 1s the prescribed heat flux as a function of
the dummy variable L , and the function g(x+,l) 1s given

oY,
o  vext
+ e 2
g(x*,1) =4 - 3 e (13)
n=0 7y H' (vg)
m m
The values of yi are the zeros of the equation,
oo GI’]
H(s) =2 5 ——s (14)
n=0 s + A
n
where s 1s the Laplace transform variatle,. H'(-yi) 1s

then computed after differentiating Eq. (14) and substitut-

ing values of yi .

[}
Ul
~

(-v2 + %5)2

In reference 3 the first three terms for evaluation of Eq.
(13) have been computed and tabulated. More recently Sparrow
and HallmanZl have solved this problem directly rather than
through a transferm of the constant wall temperature prcblem.
They have evaluated the first five elgenvalues (yi) and have
obtained an asymptotic solutlion for Yo -

Sleicher and 'I‘ribus5 treat the turtulent flow counter-
part of the Graetz laminar flow solutior, i.e., fully es-
tablished turbulent flow with a step change 1n surfacc ten-
perature. The differential equation solved is the same erergy
equation, Egq. (1), used for the laminar flow protlem, the
boundary conditions are identical, and the solution car Le

o



put into the same form and nomenclature. The problem 1is -if-
ferent from the laminar flow problem in that the velocity !n
Eq. (1) 1s now the turbulent velocity profile instead of paro-
bolic, and the thermal diffusivity, a , 1s replaced by

(a + eH) y y 1s the turbulent eddy diffusivity for
heat transfer. The turbulent velocity profile varles with
Reynolds numcer, and the eddy diffusivity 1s a function of

where ¢

radlial position, Reynolds numter, and Prandtl numtesr, The
problem is thus more complex, and the elgenvalues and con-
stants will te functions of the Reynolds numter and Prandtl
number, Sleicher and Tribus used empirical data for the ve-
locity profile and an empirically based modification of the
Jenkins analysls for the eddy diffusivity. Their results
can te used to solve the turtulent flow protlem where the
surface temperature 1s any prescrited function of tube length
through the use of Egs. (10) and (11).

Lhe Slelgier gl 'Trifng Pestlis s Hnited In Hme Fe'-
spechs, Flrst, tThey are limited to Pramitl numoers equal to
or less than unity., From the point of view of the prescrited
surf'ace temperature protlem, this 1s not serious, tecause only
at low Prandtl numbers does a variatior 1n surface temperature
markedly affect the surface conductance. The second limita-
tion 1s that only the first three eigenvalues and constants
have been evaluated. In some tecnnical problems tnese are
insufficlient to evaluate the series which arise. Also, it is
not possible to handle the technically important proktlem where
the heat flux 1s prescrited without higher order eigenvalues
and constants. Sparrow, Hallman, and Siegel8 have solved
Eq. (1) for turtulent flos in circular tubes for Prandtl num-
bers of 0.7, 10, and 100 Tor the case of constant heat rate
per unit of tube length,.

Kays and Nicoll9 demonstrated that a simple extrapola-
tion ot the osleicher and Tritus results could bte used to es-
takblish the higher order terms (%3 and Gn ) with an accuracy
sufficient to evaluate the yi and H’(—y%) to an accuracy

commensurate with the uncertainty involved in the knowledge of



the turbulent eddy diffusivity at low Prandtl numvers.

The results of all these analyses have been summarized
in Appendix A. These solutions are used as the theoretical
reference to which to compare the experlmenta! data collected

in tnls work,

10



SECTION III

SUMMARY OF PREVIOUS WORK ON THE INFLUENCE OF
TEMPERATURE DEPENDENT GAS PROPERTIES

A search of the llterature 1indicates that only two at-
tempts have teen made to anulytically predict the effects of
temperature dependen” property varlatlions on the heat trans-
fer characteristics Tor gas flowing in circular tutes. These
arc tne worxg of Diesslerlo and the work of Sze7 . Both gilve
essentially thersame results,.,  Botn muthors msed esisentially
the same simplifying assumptions. The tasic differences te-
tween the *wo are ir the assurnptlions made atout the functlional
relationship tetween the propertles and temperature. Diessler
assumes that both the thermal conductlvity and tre viscoslty
vary witr tne atsolute temperature to the 0.68 power,

‘k_ . (1)0.08
K T

and that the specific heat is constant, i.e., the Prandtl
numbter is constant, Sze used the experimental varilation of
these progeriies with temperaturg fo= zie @ Shas IE 18
felt that nis results are more pertinent to the experimental

¥ 3]

A Lo e Chls e

Botn Sze and Diessler assumed r'ully established veloclty
and temperature profiles and constant heat rate per unit
length. It 1s to te expected that the effects of property
variation, like the surface conductance, will depend at least
to some extent upon the variation of heat flux with length,
although tnis may well be a second order effect.

The calculating procedure used for laminar flow was an
iterative procedure in which a veloclity profile was assuned
and then a temperature profile calculated., Then, using this
temperature proflile, the varlation of viscoeity and thermal
conductivity with radial position was deteruined. With the
variation of the viscosity with radius a new velocity pro-
fiie was calculated, and with this veloclity profile, ana wlth
the varlation of thermal conductivity with radial position, a

iLIL



new temperature profile was calculated, This process was re-
peated until the results were unchanged.

From the temperature proflile and the velocity proflle tne
mixed-mean temperature can te determined, Then, using the ue-
{ining equaticn for the surface conductance, ana evaluating
the thermal conductlvity at the mixed-mean temperature, a
Nusselt number can be determlined.

For turbulent flow essentially the same method was used,
although assumptions had to bte made about the variation of the
eddy diffusivities as a function of radial position.

Sze's results, plotted on Figs. la and 1lt, can te approxi-
mately represented or logarithmic plots by straight lines, 1in-
dicating tnat an experimental correlation of the form,

NNu/NNu, - (Tw/Tm)a

ol )

should suffice, The idea of a straight-line correlation 1is
actually btetter substantiated bty The only recally clgnlflcant
experimental data, also shown on Flg, 12. It will be notead
that for turbulent heating the NACA experimental data lie very
close to a straight 1ine with a = -0.575. The analysis lies
very close to the experimental data for TW/Tm abowt 1.5, but
indicates a less pronounced effect for temperature ratios ve-
tween 2 and 3. The analysis involved an 1iterative procedure
which lost in precision at higher temperature ratios, and this
1s belleved to possibly be the reason for the higher tempera-
ture ratio discrepancy. The experimental accuracy of the NACA
data 1s probatly not sufficiently high to warrant three places
in the exponent, but a = -0.5 corresponds reasonably closely
to both analysis and experiment and is recommended as a good
approximation for turbulent heating.

For turbulent coollng the effect 1s evidently consider-
ably less than for heating, a2nd this is also true for laminar
flow, and the available laminar boundary layer solutions in-
dicate the same trend. A line for a = -0.15 has been drawn
on Fig. la, but since there are only two points (other than
the origin) upon which to base a line, a smaller exponent

12 .



. ————— B e e T ——— ——

could be Just as well Justified,

For laminar flow there are no experimental data for com-
parison. Sze's results, Fig. 1lb, would indicate a moderate
decrease Iin conductance (or Nusselt number) for heating, and
a very small and possibly negligible increase for cooling.

It is, of course, the objective of the present work to resolve
these uncertalntles, since 1t 1is felt that 1t 1s only for tur-
blent heating ithat the problem 1s well 1n hand.

Both the work of Sze and that of Diessler are concerned
with the variation of properties 1n the radial directlon only.
The effects of property variction in the axlal directlon have
apparently not been investigated analytically. It 1s usually
tacitly assumed that property variation in the axial direction
has 1little or no effect on the local heat transfer character-
1stics. Thus the local surface conductance, for example, is
typlcally evaluated using the local transport properties and
temperature ratios. One of the objectlves of this work 1s to
help cast some light on the validity of this assumption,

13




TURBULENT FLOW

40
CIRCULAR TUSE

30 O - ANALYSIS OF SZE

_:_ © - NACA EXPERIMENTS (2 )
20
1.5
e
[ ——
1.0 =
08 D

O |-0.5
06— \\%:0 /7

05
|
o -o.sn&
03
Tl B
0.3 040506 (08| 10 1.5 20 30 40 50
FIG. la
40 FULLY DEVELOPED LAMINAR FLOW
ANALYSIS OF SZE
3'0'1 O - CIRCULAR TUSBE
'I'_I' O - FLOW BETWEEN PARALLEL PLANES
20-2%
.5
-0.08 QDO.'?
"1
1O ~- =
0.10— b~
08 L-0.23
0.6
(0]
104
03 =
T/ Ta
03 040506(08]10 15 20 3.0 40 50

FIG. ib

14



SECTION IV
EXPERIMENTAL APPARATUS

The experlimental apparatus used Iin this work consists
of three elements: 1) an air flow metering and control sys-
tem; 2) a test section for heating air; and 3) a test section
for cooling the air. These elements are shown in Figs. 2, 3,
4, and 5.

The alr flow metering system 1s shown in Fig. 1. The
air flow 1s maintained constant by the use of a series of
pressure regulators and valves. The compressor kegins oper-
ating when the tank pressure falls to 80 psi and cuts out
when the pressure reaches 100 psi. A regulator on the outlet
of the storage tank further reduces the pressure to 4C psi,
and another regulator in serles again reduces the pressure to
about 10 psi., As the flow rates involved in the laminar flow
work are small, it 1s necessary to bleed off some air between
the last pressure regulator and thc flow meters. In this way
it 1s possible to completely avoid any detectable variation
in the air flow rate.

Two Fischer and Porter Rotameters are used to measure
the flow rate, one for the small flows needed for the laminar
worl, and one for the larger flow rates needed for the turbu- |
lent work. Both were carefully calibrated, and the experi-
mental uncertainty is estimated at * 1 per cent.

The apparatus used for the laminar heating experiments
is shown in Figs. 3 and 5. It consists essentially of a 66
inch length of 0.375" OD, 0.005" wall nichrome tube. The
first 30 inches =re unheated; this section is simply & de-
veloping section for the velocity profile. The next 30-inch
section 1s heated by passling an electric current through the
tube wall, Thermocouples are spaced along this section for
the measurement of the tube wall temperature, Flg. 5. Be-
cause of the thinness of the nichrome tube wall, stem con-
duction in the thermocouples could have been a serious prob-
lem. To prevent this as much as possible, the thermccouple



leads are not taken directly away from the tute, but rather
are first wound around the tube, The heated sectton was in-
sulated with Johns-Manville nhigh temperature Cl1-0-Cel and
magnesia sheet insulation,

The point at which heat transfer tegins 1is localized as
much as possitle by 1introducing the electric currert through
a thin flange welded to the tute, as shown 1n the figures,.

It 1s not necessary to xnow preclsely where the heating sec-
tion ends, and btecause of thils, and because of the high tem-
peratures enccuntered at the downstream end of the heating
section, a simple nichrome collar was flitted to the tute for
the attachment of the power leads,

Electric power was supplied to *he nichrome tube from a
shop-tuilt power-pack constructed from welding transformers,
with a varlatle transformer on the primary for control. The
current to the tube was measured using a Weston current trans-
former and a Westcn ammeter. The voltage drop along the tute
was measured by a Ballantine vacuum tute voltmeter connected
successlively to a series of voltage taps welded along the
tube,

For purposes of maklng energy balancez, and for checking
the calculated filuld mean temperature, a device was fitted to
the exit of the nichrome tube for the measurement of the mean
alr temperature at this point, see Fig. 2. A ceramic tube is
fitted over the exit end of the nichrome tube. Short lengths
of wire traverse the ceramic tube and serve to mix the air.
At the erd of this ceramic tube a 1/8" nozzle is fitted to
accelerate the flow over the tlermocouple. To reduce the heat
losses between the end of the heating section and the exit
temperature thermocouple, the air was passed back past the
ceramic tube before discharging to the atmosphere,

The apparatus for the cooling experiments 1s somewhat
more complicated, and is shown in Fig. 4. From the flow-
rater the air flows into a heater, where it 1s forced through
electrically heated nichrome screens., The alr then passes
through a sharp-edged orifice where it is turbulently mixed,
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A thermocouple !s sltuated downstream lrom tnis oriflce to
measure the alr temperature. The alr then passes Into a

.500" 0D, .010" wall stainless steel tube. The first. 32
Inches ccmprise the velocity development section. Because

of the low al: flow rates 1nvolved in the laminar flow ex-
periments, 2 guard heater of nichrome ribton 1s placed around
thls section for the maintenance of the alr temperature,
Several thermocouples are attached to tne tukte wall for check-
ing this temperature,

From tne entrance sectlon the alr passes through a con-
stant wall temperature section. The wall temperature is
mairtalned constant ty passing a large flow of water over
the outer surface of tre tuke 1n a counter-flow heat exchanger.

The exlt alr temperature for the laminar flow experiments
1s measured with the thermoccuple system shown 1in the insert
in Fig. 4, A 1/8 inch copper plug is tightly fitted in a
ralsa-wood sleeve which In turn is tightly fitted 1inside the
nickrome tubz just at the end of the cooling section. The
copper plug has four equi-spaced No. 58 drlll size holes pass-
ing through 1t and a thermoccuple attached at its downstream
end.

For measuring the exit alr temperature during the tur-
tulent flow experiments, where aii- velocities were substan-
tially higher, a simpler device was used. This consisted of
a wire mixer and a 1/8 incl nozzle to accelerate the flow
past a thermocouple.

All the thermocouples used in this work are cromel-
alumel, The thermocouples are connected to a zone box which
has been thermally isolated by insulation, and in which cop-
per plates have been placed to insure an isothermal zone.

The zone box connects to a Leeds and Northrup 24-point ther-
mocouple switch, and finally to a Leeds and Northrup Portable
recision Fotentiometer,

A summary of the important dimensions of both the heat-

ing and cooling apparatus is given 1n Table I.

17



TABLE I
A SUMMARY OF IMPORTANT APPARATUS DTMENSIONS

Gas Gas
Dlimeins Lo Heating Cooling
Apparatus Apparatus
*
Overall tute length 66" 62"
Tube inside dlameter Cabiian 0. L&C"
Tute wall thlckness 0.005" 0.010"
Entry length g@" gl
Entry length L/D 80 60,7
Heat transfer section length S gey'
Heat transfer section L/D 30 62.5
Total heat transfer area SR 1n2 45,3 in2

*
Includes 6 inches extending teyond and at heating section,
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SECTION V
REDUCTION OF EXPERIMENTAL DATA AND TEST RESULTS

Lradner Heating Experiments -- In the laminar flow heat-

ok

L
ing experiments the measured quantities were the tube-wall
temperature as a functlon of axial position, the air flow
rate, the Inlet air temperature, and the total power Iinput,
With this Information, and knowledge of the magnitude of the
heal losses through the surrcunding insulation, the local
heat transfer rates and local Nusselt rumbters can te caicu-
lated.,

Belore descriting the actual calculation procedure, the
problem of heat losses through the 1insulatiorn cnould te dis-
cussed, Wiith the very low air {low rates involved, on the
order of 1.3 pounds per hour, this protlem was a very serlous
one. Actually the magnitude of the heat transfer through
the insulation was of the same order as that to the alr flow-
ing insile the nichrome tute, Increasing the amount of 1in-
sulation would have helped very 1little, 1in view of the al-
ready small tute-dicmeter-to-insulation-diameter ratio. The
advantage of the small decrease 1In lLeat losses obtained 1In
this way would have teen more than compensated for by the
increase 1n apparatus response time whicin would accompany
any swueh solwutlen,

Since it 1is necessary, in order to calculate the local
Nusselt number, %o have accurate knowledge of the local heat
input, 1t was necessary to know the magnitude of the local
heat losses accurately. For this reason a numkter of test
runs were performed with no air flowing. From the measured
axial distribution of wall temperature and the total power
input, it was possible to construct a chart giving the local
heat losgs as a function of local wall-temperature-to-ambient-
temperature difference and position,

The question may arise as te whether or ot the local
heat losses orttained in this way are the same as those which
ocgur during the acbual test ruwsy in view af ‘the Fact that
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the axlal temperature distributions were alfferent. As long
as the majJor share of the thermal resistance is in the insu-
lation, and as long as the first Jerivative of the temperature
versus axial position curve is small, the local heat losses
as obtained previously should correspond to the losses under
the actual test conditions. These conditions are least well
satisfied In the entry to and the exit from the test sectlion.
Consequently the results from these reglons contain gresrer
uncertainty than do the results from other regions of tne
test sec*icn, Because of Lthe possiihle error in the exit re-
gion, tre calculaticons were not carried into this region.
Calculacions for the great bulk of the test section exclud-
ing this exit region, using the axial test run temperature
distributions, indicate that the conditlons enumerated atove
are adequately satisfied and that the use of the heat loss
data obtained under conditiors of no air flow introduzes
negligitle error in the final result,

With heat loss as a function of axial position and tem-
perature determined, the calculatior procedure is as follows,
Using the measured wall temperatuire distribution, the local
heat loss as a function of position is determined.

L = L{x) (1€)

From the power input measurements and the local heat loss
the local rate of heat transfer to the air flowlng inside
the tube can be found. Thus,

qt = Bix) «=L(x) eq'(x) (17)

Check calculations indicate that for Runs 1 to 4 inclusive
the local power input can be assumed to be the same as the
average power 1input over the length of the test section.
Excluding the first 2 inches of the test section where the
unce ‘tainty due to the uncertainty in L(x) 1is high, the
effect of this assumption 18 to change the calculated NNu
resul> by less than 1 per cent, For these runs

P(x) = P

22
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Having now the heat transfer rate to the air inside the
tube as a functlon of position, the local mixed mean air tem-
perature can te determined, This 1s obtained by a simple
2nergy balance on the volume included within the tube from
the start of the heating section to the local point of in-
terest., The resulting equation is

)

(@)

I, e [ q'dx (1

It 1s now possitle to calculate the local surface con-
ductance. From the d~Cinlng equation for the surface con-

ductance

h =q"/(T, - T,) (19)

The rate of heat transfer per unit area 1s gilven by

q" = q'/2mr (20)

Substituting Egs. (2C) and (18) into (19) gives
X
P - L(x) // 1 .
= - — [ q'dx (21)
2vro [j wcp 0

The local Nusselt number can then be determined from

Ny, = hD/k (22)

Actually the calculation procedure was somewhat more
complex due to the fact that the alr properties which en-
tered into the above celculations for h(x) are themselves
functlions of temperature, 1In effect, a local mean tempera-
ture was firs£ assumed and used to evaluate a mean cp for
the range from To to Tm . Using thls value of Ch, a new
mea:n temperature could te calculated. The mean cp from
T to T was then evaluated using the calculated valuz of

O m
Tm . This 1teration procedure was followed until no signi-

f'icant change resulted.
All alilr propert:ies used in these calculations were taken



from the National Bureau of Standards Bulletin No. 56“.11

In runs 5 and 6 the variation in tube electrical re-
sistance makes the assumption of constant power input un-
tenable, and the NNu calculated using this assumption
must be corrected as [ollows:

Since k 1s not a function of the electrical resistarce,

R,

1
dNy,  de dAT

N qQ' AT

If, as 1s the case nere, AQ' << q' and AAT << AT

AN Hq! AAT

Nu _ _
Y AT

N Nu

where Aq' anrd AAT are the changes in q' and AT due
to the variation of tube resistance, and where g' and AT
are the values computed previously. Then,

P(x) = I°R(x)

Thus
AP

I°AR(x)

where AR(x, 1s given by
AR(x) = Rabt

where a 1s the temperature coefficient of resistance of
the tube, R 1s the length mean resistance, and where

Thus the actual power 1nput 1s given by

F(x) = I°R + I"AR

TeR(T e é%)

P(x) = P(x)[1 + abt]
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where a bar over a quantity is used to indicate its cor-
rected value,
Thus - -
q' = P(x) - L(x)
q' = P(x)[1 + abt] - L(x)

AQ' 1s easlly found bty subtracting q' from the value of
q' calculated previously.
AAT can be found as follows:

—— 1 X S
AT =T -T - e [ q'dx
Ve U] I') O

or

AR erl, sup - mss BéFinAp

= lw o) WC q
p

Thus

Teges, 9ois e s 8L o o i BhAR 5 @AT]
wcp wcp wcp

The Nusselt numbters obtained above were plotted against
a nondimenslonal distance x' , defined earlier. As xt
involves tne properties of the air, the question again arises
as to where these proper:ies should be evaluated. It was
found that use of tne local mixed-mean temperature brought
about the best agreement between the experimental and the
theoretical results.

As is well known, the analytical solutions for the local
Nusselt number are dependent on the distribution of heat in-
put. Since the local heat input in all the runs was very
closely approximated by a step plus a ramp (negative), that

is

q" = q (1 + bL] (23)
the results of a calculation for this type of heat input
should apply to all the runs. It should be noted, however,

that 1n general the value of Lt was different for different
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runs., Fro. ijeneral solutlion for varlable heat inpu:
(see Section [I)

X
T - To = ;9 f g(x” - L, )q(L)dL
o 0
or for r¥ =1
r .t
0 +
Ty =Ty = — é g(x" - L,1)a(L)dL
Sutstituting for g(x¥ - L,1)
2+
. o -v<(x7-L)
- e = ol f o= i , 2 q(L)aL
k 0 Yl (=7)

o)
Substituting,
2, .+
T x* e-vm(x -L)
L. sl = gheD [f 0 s 50 = [1 + ELJ4L
% %k D Ty H (v5)

2 -
s . cx’ e~ fmX 1
T -T =q"' — {4 + -2
W™ o= 9 T > _EET(:_EY F —E;TZT?Y
) Vm Ym Vm Tm
2_+ ]
-bs E:ZEZ____ eV%X+ Ei 1 + 1
YoH' (=7g) Yo T Yoo

Also, from energy considerations,

L4y xt
e e = —2 7 g"(xhaxt
k 0,
L4p xt
T = T = -9 qg [ (1 + bxT)ax*
k 0
Uy +2
Tm 3 To _ 0 qg x+ " bx
k 2

R, , O - e




B -

2_+
-y X
s [ e ™ 1
T =T =q" — T - - S ——
w m (o] m 1 - 2 n a4, { Z
K ] Yo' (=¥ T (=7, )
C
2+
-y, X 2_+
-L c " evwx (ﬁi = l&)+ lﬂ
o2 _al 2
YoH' (=v7) TR
Since l‘JNu nD/‘n
qn QFO
NNU w - n
or
1 _ (Tw - Tm) E_
Ny (1 + ox¥) T,
X
0 2
=T
1 (1) 3| e
= = W el R
4 2 4 2
Ny 2/ 1 + btx m ymH'( ym) M g -ym)
= 2t
1 xX1 e "
S0 e [Sg St o=
Ty H Y)Y Ym Ym
Simplifying further
1 Gn
S ———— =32 %
2 o
Ty H (=) s

From the artitrary heat input solutlon,

Gn 11

52 & = —

!

n
Therefore,

1 I
—Z T = =] =m—
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Thererore,

e+
“ X
1 1 1 e 11
—— T2 e -\-’- }: + —_—
NNu 21 + bx m yHH'(-ym) 24
X
2.+
r =YX
1 x+ 1 g
-bd — e —— - = T +"—"r'-—-—-
- c 4
T H (D) Y Yoo ¥,
Derine N
D ¢
e T 11
A(X+) = 2 “;"‘-—-——-2—-+-— (2-,)
& YoH' (-v2) 2
2+
-’Y X
o 1 x*t e M -1
B(x") =z — |7 + (25)
TovTH U (=12) |42 v
m m m m
Then
L] ( (x*)
4 O~ SR A(Xx" ) - btB(x
Nux 2 1 4 tx+
or
2(1 + bx™)
N = (20)
Mo ™ AT - bB(x ™)

Values of A(x+)
given in Table IT,

and B(x™) have been evaluateq and are

no
0 e

o




TABLE 11
THE FUNCTIONS A(xT) AND -B(x™)

x*t A(x*) -B(xV) x 10”
0.02 . 3232 4,919
0.04 . 3843 12.09
0.006 L4156 20,14
0.08 L4329 26.61
0.10 Jukiz : 37.36
0.12 Lhaa2 L6.52
O.14 .452¢ 56.26
0.16 Wb551 64.55

The values of b wused in Eq. (26) are found from the
heat input given ty Eq. (23).

Cooling Experiments -~ In the cooling experiments, the

local Nusselt numters were not determined; only the length-
mean Nusselt numbers were calculated, The experimental data
taken consisted of the air flow rate, several teuperatures
along the entry length, the water inlet and outlet tempera-
ture, the air exit temperature, and the water flow rate.
Again the evaluation of both the experimental value of
the Nuscelt number and the theoretical solutions involve the
protlem of what temperature to use when evaluating the prop-
erties., Since the data 1is for the length-mean Nusselt num-
ber, 1t 1s necessary to use some sort of length-mean tem-
perature. If the thermal transport properties are constant,
and 1f the surface conductance (h) is constant, the length-.
mean temperature Is the simple log-mean temperature which is
usually employed in heat exchanger work. In the actual sit-
uation, however, this is rot a true length-mean temperature
for two reasons. First, the thermal conductivity 1is not
constant; actually k 1s larger at the front part of the
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cooling section where the air 1ls at a higher temperature;
and secondly, since the thermal toundary layer i1s not {fully
developed at the entrance to the coollng sectlon, the Nusselt

number there {5 considerably higher than at the ex!it,

-

In the case o!f the turbulent data the mean temperature

v
L) <1

was taken o be the simple log-mean temperature, as thls ls

y far “he easliest and since the entry length effect is
.lallo

I:: the laminar case tphe cuata was reduced L.ree t!lmes;
W

-

~

8

%)

once
- v XER - o . A & et
temperature, once witn the properties evaluated at *he exlit

;1th the properties evaluated 4t *re simple log-mear

temperature, ard once wllh the propertles evaluated at a
mean temperature calculated from 2 Graetz solutlor wnich as-
sumes constant propertles tut rot fully developed thermal
toundary layer. The evaluation at the log-mean temperature
was done primarily for general interest and alsoc to demon-
Strate the sensitivity of the results to the choice of tem-
perature at which the properties are evaluated, The actual
length-mean temperature will lie hetween the length-mean
temperature given by ine Graetz solution and the exit tem-
perature, for the reasons discussed previously. Hernce the
effects of the radial varlation of properties should lie te-
tween the effect indicated when the properties arc evaluateu
at the Graetz sciution mean temperature and the effect indi-
cated when the vroperties are evaluated at the exit temperature.
The actual data reduction procedure for the turbulent
data was as follows: Since the water temperature was con-
stant within a few degrees, the log-mean temperature can te

calculated from

AT - AT
Tm=Tw+£ ':j[-‘n mOUt (27)
' in/A*out

Tre effectiveness can be evaluated from

e In Jout (28)
Thin = Togut
0
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The NTU can be evaluated from

, -NTU[1- (c 1/’cmax)
- e
¢ = (29)
J A Coutn e-lTU[l-(len/cmax)]
max
which, 1n the case of very small Cw'r/cmax reduces to
SR PR L (30)

The average overall thermal conductance can te calculated

from

AUave
NTU = (31)

Cmin

The surface conductance on the alr side can te okbtained from

e = | p ) n

UR hairAinside hHQOAoutside

lct
P
S|
n
g

where hHgO 1s oktained f‘rom15

1 11H2Q

1/3(N )0.6(2r

Re (33)

= 0'35(NPI")

0.6 | | ¥y0 2
Except Iin the 1initial runs wherz the water flow rate was
kept low so as to have a slgnificant water temperature change
with which to make an energy balance for check purposes, the
thermal resistance of the water side was negligible, i.e.,
less than 1 per cent of the total.

The length-mean Nusselt number can then be evaluated

from

Ny, = hD/k (22)

where k 1s evaluated at the log-mean temperature calcu-
lated above., The Reynolds number can be obtalned from

Pl
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lmsinar case) usimg ohe log=rmean temperatures,

vctlon procedure was the same, except of course,
toprlate elgenvalues and constants from Appendix

for the calculatior o7 NNUiso :

yecond method wof pednckiam, wmiere The properties
€i at the mean terperature given by a Graetz so-
Cilcuiation procedure was somewhat more complex,
g-mean temperature was evaluated as above, and

xt . From the Graetz solution a nondimensional
ture can be obtained as a functlon of the exit
ow). This new mean temperature is used to evalu-
s\ x+ , and the procedure repeated untll the

mean temperature 1s stable., A Nusselt numter

propcrties at this temperature 1s then obtailned.
number is then normalized by aivialng 1t by the

number NNueQU predilwved by the Graetz solutlen
1 value of x*t .,

temporature based on the Graetz solulion can be
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obtalined as rollows: From Eq. (7) tnhe local mixed-mean

temperature at any x' s glven ty
. 2 i
) G =N X
0a = 2 =t
AV‘

The lengti.-mean temperature is glven ty

.
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e — l_ f 3] lv+
m + 4 TmT
X C

Substl-uitling and Integrating xlelds

.ALY+
. - n-
& une Gr
— < i e
8m=——+4, 5 ¥ 95 \)j)
e =l g )\ )\?
h n n

Analysis of Experimental Uncertalnty -- An analysis of

tyvie experimewntal wncertainty is-presented 1rn Appendix C. 1%
1s corciudea that, ecmploylng tne atove descrited netrods of

b

reductlon of data, the uneertalinty 1r the measured MNusselt
nurkers {or the laminar neating experime:ts .s approximately
+ 11 per cent. For the laminar coolirg experimernts an un-
Nusselt numker 1s estimated,

certalnty of ¥ 5 per cent in
and for tne turtulent cooling experiments the uncertainrty

in Nusselt numter 1s estimated at X 64 per cent.

Test Results -- The complete experimental data for lami-

nar heatling, laminar coolling, agnd turtulent cooling are pre-
serted in tatular form Iin Appendix B.

The laminar heating experiments corsist of a series of
slx test runs each with an entering Reynolds numbter ncar
1200, Data were thern recorded at a numter of positionsg along
the tute, It wlll be noted that the local Reynolds numbter

decreases along ti.e tube kecause of the increase nf viscos
ity, this effect teing most marked for the nigh témperature
runs, Eacn run represents a successively higher heating

rate with wall surface temperature reaching 1loOOF for Run 6,

L)

e
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and the shface-to=-rluld temperature difference reaching

. \- LAl
N I
- -t - -

The lamlrar cooling experiments consist o

r increussed to a maximunm of &75°F,
Tre turtulent cooling experimerts cover a Reynolds
numrer range from atout 13000 to 35000, wlth a )

T . : P ) ~0
perature ¥arylr-g up o & maximum of 1400°F,

3
T

v
-
3
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~
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Tne test results are presented graphically o

to 1V. The lamirar leatling data are shown or Figs, € 1o 1)
u
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where the local Nusse
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tne nondimenrsional 1
ratlo ol local measured Nusselt numter to predicted liusselt
humter 1s plotted as a function of the absolute wal

e

fluid cemperatur

v
.

larly plotted or. Figs, 12, 14, and 15, usirg t-e three met!.-

-~

id properties descrited previously. The

o

OdlS Of evialuatlhne §3

<.

Py

turtulent cooling data are shiown orn Filgs, 16 and 17, On

Flg, 1£ the measured overall mean Nussel: rumbte s are plotted

as 2 function of Reyrelds numter. On ¥ig. 17 the ratio of

Nusselt numrcer to the Nusselt number predicted bty the Sleicuer
a

and Tritus sclution is plotted

ture ratio,.
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SECTION VI

ISCUSSION OF TEST RESULTS

Laminar Heating -- The experimental values of the local

Xxu plotted agairnst the local values of x+ are snown in
Flgs, 6 to 11 Inclusive, Also plotted as a dasned line are
the values of the local HKu as predlcted ty the constant
proper-.y analytical solutions for tne actual neat races which
existed In each case.

It 15 3een that the experimental values correspond well
to tne tneoretlc.l solutions, even when the temperature dif-
ferences Iinvolved are large and the thermal profile 1s de-
veloping. Tne agreement 1s actually best in the runs where
the temperature dilfferences involved were highest.

.4

If there were an appreciatle varlable properties effect
{t should appear on a plot of NNU/NNuiso Vs Tw/Tm B R
12. The test straight llne correlation Indicates that the
varlacie properties eflfect 1s negllyiitle 1f the prorerties
used in tne evaluation of the local qu are evaluated at
the local mixed-mean temperature. Because of the scatter in
the experlmental data, and the rather large estimated experli-
mental unreertalinty, a small varlable preoperties eff'eet eould
te masked, rut there ig certainly nc cu
least fow Lemperaanyge ralios Wp Cteon2g@w; ThiS ds 8t weris=
ance with the analytical solutlons whlch predict a drop 1in
conductance for heatlirg. However, the analytical solutions
do not take iﬁto consideration any effects of the develop-
ment of the temperature profilla, or the effects of property
variation with tube length, ard it niey well be that thils is
an effect that compensates for the influence of the distor-
tion of the veloclty and temperature profile at any particu-
lar cross-section. ’

Laminar Cooling -- The experimental values of NNu/N
Vs Tm/Tw for the laminar flow cooling experiments are
shown in Flgs. 13, 14, and 15. In Fig. 13 all properties

were evaluated at the log-mean temperature. In Fig. 14 all

Nujso



properties were evaluated at the mean temperature glven by a

Graetz solution, as dlscussed earlier, In Fig. 15 all prop-

erties were evaluated et the ex!' temperuotlure,
In all the

relatior Intersects the Nu/Nulso axis at about 0,04, in-

dicatling tnat the experimental results are abcut six per cent

low, Thls 1s conrsistent with the estimated experimental un-

se presentations the test stra.ght line cor-

certaintvy, and probably means that the major scurces of un-
certolnty are fixed rather than random,

As was dlscussed 1n the section orn data reduction, rone
of the temperatures used for the evaluation of the proper-
tiles are the actual length-mean temperature, It 1s to te ex-
pectec that the true length-mean temperature lles somewhere
tetween the "Graetz mean temperature'" and the exlit tempera-

ture, Hence the true value of a should be somewnere te-
tween the value of tne slope of the straight 1line correlatior
in Figs. 14 and 15. It 1s seen that Sze's predicted value

of a = -0.06 does lie within this range., Herce, within the
experimental uncertainty it would appear thal Sze's predic-
tion for the case of laminar cooling does apply. However, it
should be noted that this 1s a quite small correction, and
the 1mportant concluslion that one can draw is that toth an-

alysls anrd experlment are consistent 1n showing a small ef-

D
(@
(@}
cr

liv vne same airection,

1., Fig. 13, where thre propertles were evaluated at the
log-mean “emperature, the temperature dependent properties
effect appears to be negligible (a = 0). Thus it would ap-
pear that 1f the propertles are evaluated at the log-mean
temperature the varlable propertles effect could be 1gnored,
In that 1t would be accounted for ty evaluating the proper-
ties at the log-mean temperature. This 1s not entirely cor-
rect for the following reason. With the particular apparatus
used for thils work, the effects of property variation were
Just compensated by the error in evaluating the propertiles
at the log-mean temperature., In general, however, if the

zeometry of the apparatus were changed one would not expect

42



P T —— = LR e T TR

hls same result tecause It would then be possible o dupli-

e the same values o /T (T" = log-mean temperature)

N4
o

c*

c*
T

ca
while alter!ing thne actual length-mean temperature and thus

. Aguln, nowever, since tne

ct

the varlaltle propertles effec

o4

effect 1s evidently small, it would seem tnat 3 satlsfactory

design procedure would ce to evaluate all prcperties at log-

]

mean tewmperature a:nd igaore any effects of temperature de-
penZen. groperties.

A )

urtulent Cooling -- Tne experimental values of N

4
are shown a5 a functlor of  Np oo in Fig. 16, It is seen that

tne data points are conslstently acove the values predicted

Lty the commonly used :ully developed turtulent flow correla-
tions. This is partlally due to tre entrance effect; how-
ever, even 1if this is accounted for, the data polnts are
stilli corsisterntly atout 10 to 20 per cenrt hig-. Experimen-
tal error might te suspected, i all other data was consist-
ent witr. the common correlatiors. However, tne experimental
valucsrof NNu COl.edLulia very well Lo the sSlelcher and
Tritus- solution, Trelr solutior in turr was trased onrn their
own experlmental work. It 1s not known if any explanation
for the discrepancy tetween the results of Sleicher and
Tritus and tne cormon correlations exists

The experlimental values of NNu/NNuiso (wrere NNut so
is the value predicted ty Sleicher and Tritus) plo:ited
against T /T &res shown in Fig. 17. As can be seen, the

Y.\I
data 1s best represented ty N, /N, = 1.00 . Decpite
Nu A\h.li SO

the discrepancy between the present data and the common cor-
relations (or the discrepancy tetween the Sleicher and Tritus
solution and the common correlations), it seems evident that
there 1is negligible temperature deperdent properties effect
over the temperature ratio range 1.5 to 3.0, provided that
all "lull properties are evaluated at the mear temperature

witlly ‘especl to length (the log-mean in this case).

i 12 el



SECTION VII
CONCLUSIONRS

The conclusions of this Investligatior may te summarlzed
as follows:

1. Two concluslons can he reacied {rom the
data for larinar heatling., The {irst is thal the Graetz solu-
tlon and 1ts extenslons seem o prexlict correc*ly the varla-
tion of local Nusselt numter 1If the alr propertles are evalu-
ated at tne local mlxed-mean temperature, That is "o say,
the thermal entiry erfect seems to correspond gererally to
that predicted ty the proper aralytical solution, even though
the assumptlon of constant propertlies made 1n these solutionrns
joes not obtaln. The second conclusior 1s that the actual
effect of the radlal variation o7 properties on the local
Nusselt number 1is small, at least for temperature ratios up
to 2.0 . The best fitting straignt l1ine correlatior (see
Fig. 12) indicates that tnls effect 13 negligitle provided
all properties are evaluated at the local mixed-mean lempera-
ture. Because of tre scatter 1In tre experimertal data ar:
the' rather /large Experimentals Uncertalnty,; & smélly property

+

VaFisitlon elffeet @ewly |[BeNiidden. EnG @aEks 1o BEl B ErS Bk

2. For thne cooling of a gas in laminar flow the da:a
obtained were only for the mean Nusselt num%er with respect
to tube lerngth, rather than the local Nusselt numter, but
agaln the Graetz solution 1s apparertly eccurately applicatle
if all fluld properties are evaluated at a correct mean fluid
temperature with respect to tube length. For constant wall
temperature cooling, the logarithmic mean temperature 1s suf-
ficiently close to the true mean, and In some caces 1s actu-
ally a hetter Temperature gt whdidh 6 ewaluathae preperties
than the true mean. This conclusion is tased on absolute-
mean-temperature-to-wall-temperature ratios up to 2.0 .

9., For @ gas belng ecoled in turbulent 16w, ne

Ly

Ly
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slgn!ficant temperature dependent properties ¢ffects could
be detected for absolute-rmean-temperature-to-wall-temperature

mean

Q

ratlos from 1,5 to 3.0 . The experiments covered only
n consta

o
-

selt numters with respect Lo tube lengih w!
~dll temperature cooling, and all "luld prepertles were evalu-

L]
9

ated at the logarithmlec mean, wihlch Zor turbulent {low Is
very closde to the actual mean temperature with regpect to
lengti,

Tris conclusion !s in ag"eer“eM wlth “ne experimental
results of Zellnik amd Czurchill“ who also found that the
usual correlations hold for The case of LurbBule:nl coeling 17
al]l properties are evaluated at tre mlxed-mear temperatlure,

4, Corelueration of the four signiflicant reglmes of
ne&at Eyansiee shm’a cdiFremliar WHie, lamlnay @ng Cwurbulendt @leow),
eatilg @nd suweling, leads Te The @oRElusSiehn el 1K Ws only

in turtulert {low heating that there is a sigrificart tem-

pergsure: JEpestient preopesities reffect Por'jgédses; @ LealSt up
to2hksolute temperature ratles of 2.0 o 2:0 o In.2ll @tier
CASes Lhe gonstand propentty amalylledl solxtic: g, eF UEE

-

P o
15, are

m
}

small temperature differerce experimental rrel

D
*3
pe

tellevel to Le of acceptable accuracy- for engl.e ng calcu-
lations 1f a1l fluld preperties are evaluaied al Lne local
mixed-mean temperature where local Nusselt numkers are cor-
cerned, and the mean temperature with respect to length lin
the ecase of" mzam Nusselt numbers. For turbulent f{leow heatling

the same procedure should te followed, with the exception

that the resulting Nusselt! numter should be multiplied bty
005
(Tw/Tm) d

45
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SUMMARY OF EITCTENVALUES AND CONSTANTS
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SUMMARY OF EXPERTIMENTAT DATA
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APPENDIX C
ANALYSIS OF EXPERIMENTAL UNCERTAINTY

Laminar Heatlng Experliments -- The uncertainty Iin the
experimental determination of Nusselt number for the laminar

heating experiments can be estimated by an analycis ol the
uncertainty of the various items of information going into
Egs. (21) and (22). It will be noted that the tube diameter
cancels out and the pertinent variables are power measure-
ment, heat leak, flow rate, the temperat-ire dilfference te-
tween the tube wall and the enterlng fluid, and the fluid
properties. Two test runs, representing extremes of tiie
test data, have been analyzed, and the following tables list
the magnitude and estimated probable uncertainty in the per-
tinent variables (neglecting the specific heat for which the
probable uncertainty is small relative to the others).

Run No, 1, Position 20"

Var.able Magnitude Uncertainty Relative
Interval Uncertainty

Gross Power, i
Btu/in 0.846 -—

+ 0.01
Heat Leak
Btu/in 0.460 -—— = @, ol
(= = T, °p 50.5 0.5 S
1 X 0
o [ atdss, 8 B 4 (computed) -
p 0
w, lbs/hr . - + ¢.02
k, Btu/(hett°CF/rt) — - + 0.0

e 0 3 e i L A AL RS 0 KL ARSIV I
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Run No, 6, Position 14"

Variable Magnitude Unvertainty Relative
Interval Uncertainty

Gross Power,

Btu/in 27.51 -—- 0.01
Heat Leak,
Btu/in 13,52 --- 0.04
(T, - T,), °F 1108 5.0 —
1 X o] ¢
= é q'dx, F 3 (computed) ---
P
w, lts/hr Es = 0.02
k, Btu/(hrfteOF,/rt) .- - 0.02

Employing the root-mean-square approximation for single
sample experiment uncertainty estimation, the following prob-
alle relative uncertairty was computed for the Nusselt number

determination.
Run No. 1 + 0.11

Run No. 6 * 0,11

Thus Lhe uncertalinty in the Misselt number determination is
estimated to be approximately * 11 per cent for all of the
test runs.

This rather large experimental uncertainty is in ma jor
part attributable to the large relative importance of the
heat leak, and the X 4 per cent uncertainty placed on the
heat leak calibration. It 1s worth noting that of the six
test runs, in only two do the measured Nusselt numbers dif-
fer by as much as 11 per cent from the theoretical consiant
property solution, It 1s thus felt that + 11 per cent may
be quite conservative., Furthermore, it is probable that
the heat leak error 1s consistently in one direction rather

than random, so that when comparing one test run with another
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to detect effects of temperavure dependent properties the
ancertainty in the comparison would be substantially less

than X 11 per cent,

Laminar and Turbulent Cooling Exverlments -- The major
sources of uncertainty in the coolling experiments are in the
measurement of the inlet and exit air temperatures, the air
flow rates, and the uncertalnty in the thermal conductivaitiy
of the air, The difficulty with the inlet tempereture mea-
surement was particularly significant, In order to satisfy
the assumption of a fully established velccity profile it

was necessary to have a veloclty developing section after
the inlet alr temperature measurement. The developing sec-

tion was wrapped with a nichrome ribbon guard heater, and a
number of thermocouples were attached along the tube so that
the guara heater could be adjusted to maintain the tube wall
temperature the same as the inlet air temperature. It turned
out to be difficult to maintain the entire tube at the sane
temperature, and the best that could be done was to make the
temperature versus position pattern along the tube approxi-
mately similar for each run, 1In view of this difficulty it
is estimated that the uncertainty interval in temperature
difference between the inlet air and the cooling water 1is no
better than * 5 per cent. With this temperature difference
reaching as high as 1400°F, the uncertainty interval is thus
estimated as high as * 70°F, which 1s apoproximately the kind
of variation that was measured along the tube for the high-
est temperature runs, The uncertainty in the exit tempera-
ture 1s considerably less, and a £ 2 per cent estimate in
the exit temperature difference is probably quite conserva-
tive. As 1n the laminar heating experiments, the uncertainty
in flow rate and thermal conductivity is estimated at * 2
per cent. |

With these estimated uncertainties, the uncertainty in
the resulting Nusselt numbers are calculated as follows using

the root-mean-square approximation.

56

S SREUPY — i btsond 69 s, A 4 R j\‘_&lé&‘"-“". 3



A B, R

L - S NG TR W SRR e

Laminar Coolinz Experiments

Fun No. 3 + 0.048

Run No. 15 * 0.045

Turbulent Conling Experiments
Run No, 2 * 0.055

Run No. 23 + 0.064

It thus is concluded that for the laminar cooling ex-
periments the uncertaincy in the measured Nusselt numbers
1s approximately * 5 per cent, and for the turbulent cooling
experiments the uncertainty 1s approximately + 6% per cent,
These results are consistent with the scatter of the experi-

mental points,
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