University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations Theses, Dissertations, and Major Papers
1-1-1970

An experimental investigation into non-isothermal flow of airin a
horizontal pipe.

Muhammad Abbas
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation

Abbas, Muhammad, "An experimental investigation into non-isothermal flow of air in a horizontal pipe."
(1970). Electronic Theses and Dissertations. 6844.
https://scholar.uwindsor.ca/etd/6844

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


https://scholar.uwindsor.ca/
https://scholar.uwindsor.ca/etd
https://scholar.uwindsor.ca/theses-dissertations-major-papers
https://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F6844&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.uwindsor.ca/etd/6844?utm_source=scholar.uwindsor.ca%2Fetd%2F6844&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

AN EXPERIMENTAL INVESTIGATION
INTO THE NON-ISOTHERMAL FLOW
R OF AIR ’

IN A HORIZONTAL PIPE

) : A Thesils
Submitted to the Faculty of Graduate Studies through the
' Department of Mechanical Engineering in Partial
"Fulfillment of the Requirements for the
- Degree of Master of Applied Scilence
at the University of Windsor

by

MUHAMMAD ABBAS
B.E.(MECHANICAL), PESHAWAR UNIVERSITY, PAKISTAN, 1966,

Windsor, Ontario, Canada

1970

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: EC52782

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC52782
Copyright 2008 by ProQuest LLC.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest LLC

789 E. Eisenhower Parkway
PO Box 1346

Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPROVED BY s .cmm—rr=mven,

AL R Qo .

WMA Toideore

324390

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

A comprehensive experimental investigation into the
nonisothermal heat transfer from air in a horizontal cir-
cular tube under the condition of constant ambient temper-~
ature is reported. Radial temperature profiles both along.
horizontal and vertical diameters, and axial wall and
air mean temperatures were measured. The range of inlet
alr temperature t4 was from 200°F to 560°F and the range
of Reynold's numbervNRei was from 800 to 18000. The temp-
erature and veloclty profiles initially uniform at the en-
trance developed simultaneously along the tube length.

The effect of increasing inlet air temperature on local
Nusselt number was seen to be insignificant, Nusselt num-
ber varied approximately linearly with inlet Reynolds num-
ber for NR8£>6OOO. At NRegéooo, the phenomenon of laminar,
transition and turbulent boundary layer was encountered
which had pronounced effects on the axial distribution of
wall temperature and the local Nusselt number, The effects
of free convection were observed to be dominant over Rey-

nolds numbers approximately up to 6000.

111
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NOTATION

surface area of pipe, L2

o
1"

‘Cp = gpecific heat at constant pressure, Q/Mt

d = gectional position measured from the wall of the
pipe, L

D = diameter of pipe, LA

£ = functional relation |

g = acceleration due to gravity, L/6°

h = f£ilm coefficient, &/L26t

k = thermal conductivity of air, Q/Let

x‘ = gxlial distance from the entrance of the pipe, L
a = rate of heat transfer through pipe wall, Q/@
1] = mean or average veloclty, L/6

t = temperature in degrees Fahrenheit, t

T = temperature in degrees absolute

w .= mass flow rate, M/e |

Ny, = Grashof numberA= ?2.?iég'ﬁ°At

Ny, = Graetz number = e -

kX

Ny = Nusselt number = —%?—

Npp = Prandtl number = E%ii

NRé = Reynolds number :~ﬁlig .

Iz
Nrg = Rayleigh number = NgpeNpp
Ngy = Stanton number = Nnu/Nge* Npp

ix
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Peclet number = Npg-Npp

=
v
o

L]

cH

@ = coefflclient of thermal expansion = %b’

absolute viscosity, M/Le

=
i

oL = difference between bulk mean and_wall temperatures

A % difference beﬁween two values, or small increment

P = density of alr, M/L3

L = length, feet -

M = mases, pounds

Q = heat, Britlsh Thermal Units

t = temperature, Fahrenhiet dégrees
- = time, secoﬁds

Subseripts

b = bulk mean, evaluated at bulk mean temperature

i = at inlet or entrance

m = meah

(¢] =~ ambient

) = condition at the wall or evaluated at wall tempera-

ture

1m = based on logarithmic-mean-temperature difference

a = based on arithmatic average temperature |

X = local axlial value

Number within the brackets indicates the reference
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GHAPTER I
INTRODUCTION

The rate of heat transfer from or to flulds flowing
in pipes is of great commercial interest and has been the
object of hundreds of investigations over the past eighty
years.

1.1 BACKGROUND TO THE PROBLEM

One of the practical problems in heat transfer in
horizontal ducts 1s that the fluid properties vary along
all the axes. Neither the wall temperature nor the wall
heat flux ls constant and uniform. Temperature and velo-
city profiles keep changing (34) and thus the flow 1s
never thermally or hydrodynamically fully established.
The pressure gradlents in the radial and axlal directions
may or may not be constant depending upon the fluid and
thermal conditions inside the system. When a fluid flow-
ing in a horizontal circular pipe is heated or cooled at
a sufficiently high rate, the radial and axial density
grédients, cause a secondary floﬁ of the fluid which 1s
symnetrical about a vertical plane passing through the
exis of the pipe. Because this secondary fluid motion
carrles the fluld from the central part of the pipe to
the wall, and the fluid from the wall to the central part
of the plipe, the rate of heat transfer is greatly enhanced

by the presence of this natural convection.

1
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Due to mathematical limitations, this complex situ-
ation 1s extremelj difficult to handle analytically.
Therefore, in the past, attempts have been made to simpli-
fy the problem by making use of one or more of the‘follow—
ing assumptions:

1, Gonstant and uniform wall temperature.

2. Constant and uniform wall heat flux.

3. Linear variation of wall temperature.

4, Prescribed wall heat flux,

5. Constant fluid to wall tempefature difference.

,6.VFu11y developed velocity and temperature profiles

at the entrance of the heat transfer section.

7. Simultaneous development of veloclty and tempera-

ture profiles. _

8. Uniform temperature and veiooity distributions at

the entrance of the heat transfer sectlon.

9. Uniform velocity profiles throughout the test-

sectlion.

Some of the above mentioned assumptions have been
duplicated experimentally to check the theoretical solu-
tions.

It is apparent that most of these assumptions are
not Jjustified for an actual situation. Therefore, an
experimental study under the boundafy conditions which
match the real situation is left as the alternate solu-

tion to the problem. With this background in mind, the
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investigation was initlated,
1.2 SPECIFIC OBJECTIVES OF THE INVESTIGATION

1. Buoyancy Effects .

The effect of buoyancy together with frictional
forces produces the radial and longitudlnal pressure
gradlents, and as a result, velocity and heat transfer
characteristies of the basic forced convectlon will be
modified. The presence of natural convectlon may increase

~ the rate of heat transfer from or to a fluld having a
Reynolds number less than 3000 by & factor of three
or four (28). Design for free conveétioh differs radical- |
ly from general commercial practice since low velocity and
large tube diameter are important considerations. In the
application of heat transfer principles to equipment in
which tube lengths are "short", as perhaps in aircraft
heaters and in some petroleum refinery equipment, the free
convection effect can bear appreciably on the heat trans-
fer surface required. Therefore, the conditions under
which the buoyancy effects are significant are of practli-
cal interest. To determine these conditions was one of

the obJjectives of thls investlgatlon.
2, Effect of Thermal Boundary Condition

The variation of the heat transfer coefficlent near

the entrance of a circular plpe depends not only on the
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flow in this region but also on the heat transfer boundary
condition (12). The problem of heat transfer from the
fluld with a non-l1sothermal wall operating under constant
ambient conditions has never been studied before. There-
fore, 1t was one of the objectlves of this study to touch
this practical problem and compare the results with hypo-
thetical boundary conditions of (1) constant and uniform
wall temperature, (1i) constant and uniform wall heat flux,

and (1ii) constant fluid .to wallltemperature difference.
3. Data on Local Heat Transfer Characteristics

In order to gain more insight into the‘effects of

natural convection on forced flow, local data seens
~ extremely necessary, Data on local heat transfer may be

applied to the design of an exhaust-gas and ailr heat ex-
changer, For example, the life of an exhaust-gas and alr
heat exchanger may depend on the distribution of the local
heat transfer rate withihithe exchanger. Polnts of high
temperature may often éausé metal failure, and regions of
large temperature gradients cause dangerous thermal stress
which decreases the 11fé of the heater. A thorough know-
ledge of the distribution of the local heat transfer
rate would allow a prediction of these effects, and thus
a proper design could be establishéd.

It 1s interesting to note that there is only one study
(24) which provides temperature aﬁd velocity distributions
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'

(6nly at one station) in a horizontal tube (constant wall
heat flux), both along vertical and horizontal dlameters.
' The present investigation aims at providing an exten-
sive amount of data on the local heat transfer character-
1sticé at 11 X/D ratios for the cooling of air in a hori-
zontal pipe with no restriction of the thermal boundary at

the wall but operated under constant amblent conditlons.

4, Effect of Increasing Inlet Air Temperature and Reynolds

number ..

The investigation also seeks to evaluate the effect 6f
increasing inlet air temperature and Reynolds number on the

local heat transfer characteristics.
GENERAL

Ambient alr was forced lnto a settling chamber by a
centrifugal blower. From the settling chamber, it flowed
through rotameters then eﬁtered the furnace to be heated,
The heated alr entered the Jacketed mixing chamber from
which 1t passed through a bell mouth into the aluminum test
pipe. This pipe was 2,87" inside dlameter and 33' long,
The air cooled and was finally discharged into the atmos-
phere by the exhaust arrangement, The experiments can be
divided into two ranges , i.e.,lower range and higher range
according to the inlet Reynolds number. In the lower rangse

(900, 1200, 1800, 2800), each value of Reynolds number was
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studied against filve differenﬁ inlet air temperatures
(200, 300, 400, 500, SSOOF). In the higher range (4000,
6000, 8000, 10000, 12000, 14000, 16000, 18000), each value
of inlet Reynolds number was studied against two different
inlet air temperatures (300, 500°F).

The physically achleved boundary conditlons of the
problem were (1) uniform temperature and velocity profiles
at the entrance of the test-section, and (ii) constant
ambient temperature with no forced drafts in the surround-

ings.
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CHAPTER 2
SUMMARY OF PREVIOUS WORK

- The theoretical study of convective heat transfer
with laminar flow in a tube was begun by Graetz and Nusselt.
Leveque, Drew, Yamagata, etc., solved the same problem
under the condition that the physical properties of the
fluld were constant and the flow was axisymmetrical. The
theoretical analyses are limited to fully developed laminar
flow, l.e. Polseuille flow, and the temperature distribu-
tion is obtained by putting this velocity distribution into
the energy equatlion. These theofetical analyses are the
same whether the tube axls 1s horizontal or vertical. The
results obtained by experiments on convective heat transfer
with laminar flow in horizontal tubes show higher heat
transfer co-efficients than those obtalned by theoretlcal
studies as mentioned above,

Drew (9) introduced empirical formulae by correlating
experimental results and pointed out that they were hlgher
by 20-50 per cent than the values resulting from the theor-
etical analysis of Leveque and others.

Colburn (6) was the first one to examine the effects
of natural convection quantitatively. This piloneer work

led to the equation :

{
Ngugy = 1-75 NGZJBQB% ceereen(2.1)
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where 4 4,
¢ - "F;) (1+00015 NG’rf 3) oo.¢oo~(202)
N = hgmD
Nu = am
&l g
oz = ¥
kX
3.2
DPGA .
Ner, = B2 Ps g ,

2 ,

vigecosity of fluid at mean fluld temp.

L1

P
Me

viscoslty of fluld at film temp.

The correction factor ¢, which allowed for the radial
varlation of fluld properties and natural convectlon, was
evaluated from data obtained both in vertical and horizon-
tal tubes,

Martinelli and Boelter (20) presented the following
equation for a gystem of superposed free and forced con-

vection in a horizontal tube :

2

Z
Ngy = 1275 By ¢ (NGZ)Q.I.E).0722F2<NGPNPrD>O‘8]..(2.3)
X w.

In equation (2.3) the Nusselt number 1s based on the
arithmetic-mean teniperature difference (the arithmetic
average of the initial and final temperature differences).
The Graetz number is calculated using the mean fluid temp-~

erature, and the Grashof Prandtl -~ E_term is based on
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fluild properties at the temperature of the wall. The

factors Fl and F2 are functions of NNu /NG " In the above
2° ‘

equation, the Graetz number was squared to account for the
horizontal forces influencing the heat transfer, and the

Grashof Prandtl - D term was squared to take care of the

L

vertical forces influencing the heat transfer., In other
words, because these forces act‘at 90 deg, to each other in
a horlzontal tube, the term represented by the radical was
considered to be the vectorisl sum of two sets of forces.
This equation 1s for fully developed flow with constant
“wall temperature and therefore 1s not sulted for comparison
with developing flow data.‘

Latzko (19) developed turbulent forced convection
solutions with both hydrodynamic and thermal entrance ré—
gions with uniform wall temperature conditions. Hls solu=-
tions are valid for Prandtl modulus equai to unlity and for

'systems where heat is only transferred by convection.

Boelter, Young and Iverson (3) presented experihental
local heat transfer data for air in the entrance section of
a uniform wall temperature circular tube for 16 different
entrance conditions. In many‘caées their experimental
values are appréciably higher than those derived from equa-
tions. The data indicated that (except for a bell mouth)
the entrance lengths for the specific conditions given were

about X/D = 17 or greater,
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10

Poppendick and Palmer (29,30) studied analytically the
convective heat transfer in the entrance region of parallel
plates and ducts. The fluld in the channel was liquid
metal and the wail temperature Was uniform and constant,
The solutlions were based on the postulate that all the heat
was transferred by means of the conduction mechanism and
that the fluid properties were invariant with temperature,

McAdams (21) gave the following formula for the heat
transfer coeffleient fof the constant wall temperature

cage,

sap(bu) M J__E__ D gy 10.75
Bl = 1+0.04 [L. NGI.NP{I oo (2.4)
" .
where Nn,, is based on tube diémeter and Ata..

Kays (15) presqﬁted numerical solutions for laminar
flow heat transfer in circular pipes using developing velo-
city profiles., The solution of Langhaar(18) was employed |
to provide veloclty profiles which were introduced into the
energy equation for three Boundary conditions, i,e., con-
stant wall tempe;ature, congtant wall-to-fluild temperature
difference and constant heat input per unit of the tube
lehgth. The solutions are festrictad to flulds with
NPr = 0.7 and with.velocity and temperature profiles uni-
form at the tube entrance, His numerical solutlons gave
good agreement with experimental results while differing

consliderably from solutions based on parabolic profiles
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throughout the tube, Suggested equations are @

1. Constant wall temperature, Langhaar velocity propiles

0.014 l:NReNPr]
L XZ D

I\I - 3. 66 ' N N 008
Nu Re"'Pr
u l+o'016[*27ﬁ—‘]

.ees(2.5)

2. Constant temperature différence, Langhaar velocity pro-

files

0.10 [NReNPr:l
X/D

o + veeo(2,6)
NNum = 4.36 ReNPfJ 0.8 »

N
1+0,01 6[-——5(75—

3. Constant heat flux, Langhaar velocity profiles.

0.036 [NReNPr]

Ny, = 4.36 + XD d (2
x 1+o.0011[,§§,2£} ‘ -
“X/D

Deissler (7) investigated analytically the influence
of Reynolds nuﬁber, Prandtl number, initial velocity dils-
tribution, passage shapes and varlable fluid.properties on
the turbulent heat transfer in the entrance region of |
smooth passages, Predlictions are summarized below :

1; The thin thermal boundary layers and consequently severe
temﬁerature gradients at the wall near the entrance, pro-
duce high heat transfer co-efficients. Fully developed
heat transfer was obtained in less than 10 dlameters,

2. The effect of the wall boundary condition and of the
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passage shape (round tube or parallel plates) on heat trans-
fer in the entrance regions was small, )
3. The use of a uniform rather than a fully developed ini-
tial velocity prdfile Increased heat transfer co-effilcients
in the entrance region. _
4, In general, the entrance effect for heat transfer de-
creased as the Prandtl number increased sbove 1.

Morton (26) made a theoretical analysls by setting up
the equation-of"motion 1ﬁcluding the buoyancy term and the
equation of energy simul taneously and obtained the follow-

ing formula for low Rayleigh number, Ng,

Nu = ﬁ.{1+ (0.0505-0,1054 Ny, +0. 33348p, 2)( Ngolp,) 2
. . - —O
+.....il -o-.(2-8)

The formula is restricted to steady laminar motion of a
fluid along a horizontal circular pipe with a fully devel-
oped veloclty profile and a unlform heat flux at the wall,
in a range of Np,Np. 3000, In this regards, Mori's (25)
comments are noteworthy. He states, "within this range of
NReNRa the effects of natural convection do not exceed
slevveral percent. Ag the Rayleigh number is proportional to
the fourth power of the dlameter, the natural convection
hag small effect on convectlve heat transfer in a horlzon-
tal tube of less than %" dliameter, But 1n comparatively

large tubes, the effect seems to be quite considerable,"
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Jackson, Spurlock and Purdy (13) studled heat-transfer
to alr in a constant temperature horizontal tube, their re-
sults being well represented by the following semi-theore-

tical equation :

2 1.5]1/6
NNulm = 2,67 [(NGZ)b+ (0.0087)2-+-{(NGr)1mNPr}w ]

... (2.9)
The terms 1in square brackets result from the vectorial
éddition of the free and forced convective flows, this
method orlginally being sﬁggésted by Martinelll and Boelter
as a possible means of adapting thelir equation to the case
of flow 1in horizontal tubes, The apparatus used by Jack-
gon et ai._was fitted with a sharp edge entrance and there-
fore was not capable of ﬁroducing uniform or fully estab-
lished velocity profiles at the entrance, The reader
should note that in the original eguation (2.3) proposed by
Martinelli and Boelter, the constant outside the brackets
is 1.75 while in equation (2.9) it is 2,67. Perhaps the
most interesting feature of equation (2.9) is the disap-
pearance of the ratio D/X from the natural convection ﬁerm
of equation (2.3).

Mills (23) determined local heat transfer characteris-
tlcs experimentally for ailr flowing turbulently in the en-
trance of a circular duct over a flow Reynolds number range
of 10000 to 110000. A wall boundary condition of uniform

heat flux was imposed. Hls data for heat transfer under
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fully developed conditlons was correlated by the following

equation

Nyy = 0.0397 Ng 012 wp 0032 veer.(2.10)
Maximum deviation of flve per cent was clalmed. The velo-
city and temperature profiles were uniform at the start of
the heated section. The shape of the curves illustrated
the growth of the boundary layer and the resultant pheno-
menon, i.e, the local heat transfer co-efficients decreased
rapidly from a very high value in the laminar flow region
until a point of transit;dn to a turbulent boundary layer
was reached, After'passing through the minimum, the value
was ralsed again probably to a corresponding value for the
turbvulent flow. ,

Cliver (28) attempted ﬁo investigate whether the type
of equation originally proposed by Martinelli and Boelter
for the vertlcal tubes could be adapted to work 6n horizon-
tal tubes or whether the experimental evidence availaﬁie '
suggested the need for a more elaborate correlation., His.
experimental work dealt with the laminar flow of relativelf
non-viscous Newtonian liquids through a horizontal. jacketed
tube with a calming section upstream of the test-section,
He compared the empirical relations proposed by Martinellil
et al, and McAdams with hls data and relevant data from the
literature, "~Comparison showed that the empirical relations

did not represent the data adequately., He pointed out that
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McAdams' relationship grossly underestimated the effects of

natural convection except at the highest values of

X
and cooling water with the predictions of Jackson, Spurlock

(ﬁPrmNGrmD), Oliver also compared his results for heatlng

and Purdy's relationship (equation 2,9). The theoretical
results wére higher, He pointed out that this behaviour
was not caused by the “vectdrial" form of the equation but
by the fact that the physical properties of the fluld were
evaluated under wall conditlons rather than under bulk con-
ditions., The author concluded that when the group

CkGPmNPrm§> was taken as the factor controlling

natural convection, the information obtained in the tubes
of different dimensions was inconsistent, and better agree-
meﬁt could be obtained by omitting D/X from the group.
Further improvement resulied by incorporating the ratio
X/D, all data being adequately presented by the following

eqﬁation :

0.14 . 1/3
N By - -4 0.7
Nu — = 1. N : 5,610 (N N X
Nl (/“b) 75 [ Gzg ( ary Prml-)-> J

eese(2,11)

Thils equation becomes inaccurate when NGi<an and the
_ ' m

Nugp

power of X/D is only provisional, _
Hall and Khan (12) investigated the effects of the
thermal boundary condition on the heat transfer in the in-

let region of a circular pipe. They provided an experimen-
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tal cdmparison between uniform wall temperature and uniform

~wall heat flux boundary conditions for the case when the
veloclty profile was uniform at the entrance of the testi-
sectlion. They concluded from their experiments that there
was little difference between the results for the two boun-
dary conditions if the Reynolds number was greater than
5x104. At a Reynolds number of 8x107 the Stanton number
for the case of uniform heat flux exceeded that for uniform
wall temperature by about 30 per cent. The form of varia-
tion in Stanton number was consistent with the model
studied by Milis (23); that was, a laminar boundary layer
giving way to a turbulent boundary layer which then grew to
fill.the tube,

Brown and Thomas (4) studied combined free.and forced
conveétion heat'transfér'in constant wall temperature
horizontal tubes., Water was used as the test fluid., Their
experimental data could not be reconciled with any of the
existing horizontal tube formulae including those of
McAdams (21) and Oliver (28)., They used three test sec-
tions of 3" diameter, 6' long; %" diameter, 4' long; and
" diametef 6' long. A smooth contraction at the entrance
wés used to provide a flat’velocity profile at entry to
simulate as nearly as possible the normal heat eXchanger
entry conditions. For the sake of comparison they also
carried out tests without the smooth contraction at the

entrance, They found that the results taken with a bell
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mouth entrance were practically identical with those with-
out, indicating that the initial velocity proflle had

| little effect on the heat traﬁsfer under the conditions of
their investigation., Their experimental data gave the

following equation. :
1/3

| 4/3
.y (@)0'14 - 1.75[1\IGZ+O.012(NGZNG1~1/3) ] .. (2:12)
Nu Fo : .

They claimed that thelr equation correlated thelr data to
within £8 per cent and the majorlty of the published data,
irrespective of fluid, to within *50 per cent. They also
pointed'out that the best previous correlation (i.e, 0liv-
er's (28)) correlated those same data to within -25 per
ceﬁt:;lloﬁper cent. All the properties were evaluated at
average bulk temperature.

McComas and Eckert (22) studied the effect of free
convection on laminar forced flow heat transfer in a hori-
zontal tube having uniform heat flux. Air was used as the
working fluid. An unheated entrance length established the
veloclty profile before the alr entered the heated sectioﬁ.
Heat transfer data were obtained for the Reynolds number
range from 900 down to 100. The Gfashof number was varied
from 1000 down to the order of one. They noted that for
the same value of Reynolds number, the effect of different
Grashof numbers on the tube wall temperature was consider-

able. For lower Ngn, after a few dlameters, the wall to
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bulk temperature difference remaiﬁed constant, On’the other
hand for the higher Ng, runs, a decrease 1n the local wall
to bulk temperature difference occured after a maximum had
been reached., From that observation they concluded that a
considerable starting length appeared necessary for the
establishment of free convection effect. They further ex-
prlained that when the secondary flow was established, an
increase in the heat transfer occurred causing a decfease

in the required difference between the wall and the bulk
temperatures.

Mori et ai. (24,25) investigated experimentally and
theoretically the effects of buoyancy on forced convection
‘in horizontal tubes under the condition of constant heat
Tlux at the wall, In their experimental study they used
a brass tube of 35,6 millimeter I.D. Alr was passed
through a 7 meter long unheated section to have a fully
developed velocity profile before it entered the test sec-
tion., Velocity and temperature profiles were measured in
horizontal and vertical dlameters only at one station,
where flow was thermally established ahd the wall tempera-
ture gradient was constant. Their findings are :

1. When the product of Reynolds number Np, and Rayleigh
number Np, 1s more than 104, the secondary flow is stronger,
2, For leminar flow, measured velocity distribution is re-
markably different from the veloclity distribution of
Poiseullle flow,
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3. In laminar flow, the effect of buoyancy on local Nus-
selt number Ny, appears at about Ng,Ng, = 107, and Ny,

| increases substantlially due to the secondary flow caused by
buoyancy and becomes twlce as large as Nusselt number with-
out secondary flow at Npelip, = 4x10°,
4, For turbulent flow, the effect of secondary flow on the
temperature and velocity distribution is very small,

The same authors also studied the pattérns of second-
ary flow due to buoyancy in flow visualization experiments.
They noted that when the temperature of the tube was higher
ﬁhan that of the fluld, the fluld in the core region went
down due to gravitational forces, stagnated at the bottom,
went upwérds along the wall and stagnated again at the top,
changing its flow directlon,

Shannon and Depew.(32) investigated the influence of
‘frée convection 6h forced laminar flow bf water initially
at thé ice poiht. The flow was horizontal in a eircular
tube with a uniform wall heat flux and a fully developed
veloclty profile at the onset of heating, Local measure-
ments were made for the calcuiation ovaﬁsselt number, Rey-~
nolds number and Grashof number, Reynolds number ranged
from 120 to 2300. Nusselt number was not significantly
affected in the thermal entry region, but increases in Nus=
selt number up to 150 per cént were discovered far down the

tube at X/D =700, when compared with the predicted equation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

of Siegel et al., (31).

Back et al. (l)‘carried heat transfer measurement
along“the wall in the thermal entrance region of a high
turbulent airflow through a cooled tube 5" diameter and 43"
long. There was simultaneous development“of velocity and
temperaiure profiles along the tube. The measurements were
made over the range of Reynolds number from 7}(101‘L to 106,
and thé wall to gas temperature ratio from 1/3 to 2/3, in-
cluded natural boundary-layer transition data in laminar,
transition and turbulent boundary-layer regions, and the
forced transition data obtained with a trip at the tube in-
let. | |

Newell and Bergless (27) presented an analysis to de-
termine the effects of free convection on fully developed
laminar flow in a horizontal circular tube with uniform
heat flux at the wall., Solutions for heat transfer and
pressure drop were obtalned for water with two limiting
tube wall conditione : low thermal conductivity (glass tube)

| and Infinite thermal conductivity. At modesﬁgﬁt, extensive
st?atificatlon of the flow was predicted, with the tube
wall exhibiting a large circumferential temperature gradi-
ent. Due to the secondary flow, Nusselt numbers were high-
er thah the values predicted for constant property Poisuille
fiow. '

After going through the summary of "Previous work", it

is not difflicult to realize that the scant experimental
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data available on heat transfer characteristics (both local
and mean ) for the value of Reynolds number(lobr are highly
contradicﬁory and have not up to now, received a correct
physical interpretation. Consequently, a préctical method
for calculating the heat transfer in many real problems

has not yet been developed.
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CHAPTER 3
APPARUTUS AND INSTRUMENTATION

‘The research facility used for thls study was designed
using the éxperience gained from previous similar studiles,
It consisted of a centrifugal blower, settling chamber,
flowméters; heating system, mixing chamber, bell mouth
entrance, test section and exhaust arrangement., This chap-
ter is devoted to the brlef description of the principal
components of the test installation and the instruments em-

ployed for varlous measureménts.
3.1 BASIC DESCRIPTION

Ambient air was forced by a.centrifugal fan into the
~ settling chamber from which it was lead to the flowmeter
through a gate valve. This measured air was then piped to
the furnace to be heated to any desired temperature. From
the furnace, the heated alr entered the Jacketed isothermal
mixing chamber and subsequently into the aluminum test pipe
the entrance to which was a bell mouth, Heat was given up
by the air as it passed through the test section. The air
was then discharged into the atmosphere by means of an ex-
haust system. The experimental set up i1s shown 1n figures

la.&lb.
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3.2 AIR SUPPLY SYSTEM

Ambient alr was supplled by a Canadlan Buffalo cen-
trifugal fan, size and type 44E, driven at 3500 rpm by a
5 phase G.E., 5 HP A,C, motor, Alr from the blower was dis-
charged into a cylindrical settling chamber 2' in diameter
and 2' long, Fltted with a baffle at the centre to avold
direct passage, The 5“ dila. outlet of the fan and the in-
let to the settling chamber were Jolned by a flexible pipe
5" in diameter and 1' long to prevent any vibration effects
béing transmitted to the rest of ﬁhe equipment. The exit
lside transition of the settling chamber was also connected
by a flexible rubber pipe to a 2" I.D. copper pipe leading

~the air to the flowmeters,
3.5 FLOWMETERS

The volume of alr was controlled by gate valves and
measured by means of two Brooks high accuracy flownmeters
whose calibrated accuracy was within 1 per cent. The low
range rotameter was capable of measuring 1.0 to 10.5 SCFM
and the high range from 6.0 to 54.5 SCFM at 14.7 psia and
70°F., Chromel constantan thermobouples were installed at

the exit of each rotameter to determine the temperature of

alr for use in making corrections for density.
3.4 HEATING SYSTEM

The air from the rotameter entered the furnace at the
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bottom through a diverging cone fitted with a conical baf-
fle at the centre to distribute the air uniformly across
the heating elements, There were seven stove heating ele-
ments of 2000 watts each., The bottom element was control-
led through a variac for the purpose of fine temperature
control. The remaining 6 elements were controlled indepen-
dently by means of three way switches(high, low, medium).
In between every two elements a perforated screen was fixed
to distribute the heat uniformly in the entire section,

The furnace was covered with approximately 3" thick insula-
tion of glass wool and a speclal putty to reduce the heat
iosses to the ambienf air, The top of the furnace con-
verged conically to a 23" I.D. to provide better mixing

and thus uniform temperature to the leaving air.
3.5 MIXING CHAMBER

The heated air from the furnace entered the isothermal
mixing chamber which was 9" I,D. and 18" long. This cham-~
ber was provided with two wire mesh screens to reduce
irregularities in the flow before it entered the bell mouth
section. Three thermocouples were installed to measure the
centre line temperature between the two screens and the wall
temperatures (side and top) of the mixing chamber. The
centre temperature could be compared with the wall tempera-
ture to check the stratification in the chamber. Between

the test plpe and the mixing chamber was fitted the bell
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mouth section designed (33) to glve a uniform velocity
profile at the entrance of the test-sectlion. A thermo-
couple was Installed at the céntreline of bell mouth exit
in order to know the temperature of the air entering the
test section. For the use Iln the calculations, & ten point
(centres of equal areas) temperature profile at the en-

trance was obtalned,
3.6 THERMAL JACKET

The purpose of the thermal Jacket was to eliminate
sﬁratification by keeping the mixing chamber and bell
mouth section isothermal. The air at the test-pipe en-
trance would then have a uniform temperature profile. It
consisted of a speclal Glas-Col ésbestos and glass fabric
cover with one circuit of 1850 watts, 208 volts - single
phase. It was connected to a variac to allow for fine

control of the mixing chamber wall temperature.
3.7 TEST SECTION

The test-section consisted of a 33' long aluminum
pipe, 3.0" outside and 2.87" inside dlameter. The test
pipe consisted of three sections, two 12' long and one 9'
long joined by removable clamps. Sixteen stations at X/D
ratios of 0.0, 1.6, 4,0, 7.0, 10.0, 15.0, 22.0, 32,0,
56.5, 67.0, 77.0, 87.0, 97.0, 113.0 and 133.0 were pro=-

vided for the measurement of wall temperature, temperature
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and/or velocity profiles., At each station, two access
slots (top, side) were made to allow for the measurements
both along vertical and horizontal dlameters., After care-
ful study of preliminary data from the above mentioned 16
stations, the number was reduced to 11 X/D ratios of 0,0,
4,0, 10.0, 22.0, 32.0, 42,0, 56.5, 77.0, 97.0, 113.0 and
133.0.

3.8 EXHAUST ARRANGEMENT

The air from the test pipe‘was discharged into the

atmosphere by the exhaust afrangement. This consisted of

a vertical circular conduit 18" in diameter and 4%' long
made of sheet metal, supported on a retangular steel struc-
ture such that the lower end of the condult was approxil-
mately 2' above the floor level, On the upper end of the
conduit, at the top of a slanting roof type transition, a

 fan of 60 CFM capacity was installed to exhaust the hot

eir coming from the test pipe, into the atmosphere. This
arrangement protected the outlet of the test pipe from4room

drafts,
3.9 LEAKAGE

To check the leakage of air at various Joints in the
system, the extreme end of the test plpe was blocked under
full fan pressure and soap solution was used to detect the

air leakage, No tface of leakage was detected along the
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test pipe. There was some leakage from the furnace Jjoints
which was eliminated by using air-tight gaskets and asbes-

tos paper packings with a special cement,
3.10 TEMPERATURE MEASUREMENT

Temperature measurements were made for (1) ambient
air (2) air leaving the rotameters (3) alr leaving the
furnace (4) aiL at the centre line of mixing chamber
(5) wall (top, side) of the mixing chamber (6) air at the
exit of the bell mouth section (7) wall (top, side, bottom)
of the test pipe and (8) air in the test pipe at various
axial locations mentloned earller. Amblent alr temperature
was measured by means of accurate thermometers posltioned
along the pipe and at a distance of 1%' from it. All
other temperatures were measured by 24 gauge 9B4B7 type
chromel constantan thermocouples,

Temperature profilés were measured by means of a 90
degree chromel constantan thermocouple probe designed for
a previous investigation (2).’ The probe was designed with
a contact point at a known distance from the thermocouple
Junction. This contact poiht completed an electric circuit
when 1t touched the wall and thus provided a reference point
from which to start the traverse,

All the thermocouples were connected to Thermovolt
Instruments 24 point rotary switches. The outputs were

measured with a Leeds and Northrup 8686 Millivolt Potentio-
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meter, A Thermo Electric Frigistor Reference Chamber

(32°F) was used for the thermocouple reference junctions.
5.11 TRAVERSING MECHANISM

The traversing mechanlism consisted malnly of a
threaded rod, probe holder and an indicating dial capable
of positioning the probe with an accuracy of 0.008", The
thermocouple probe could be aligned parallel to the pipe
axls with the help of a pointer. The traversing mechanism

was designed for previous studies (2, 10).
5.12 PRESSURE MEASUREMENT

The laboratory barometer, accurate to * 0.01"Hg.

was used to measure the ambient alr pressure.
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CHAPTER 4
EXPERIMENTAL PROCEDURE AND RESULTS
4,1 PROCEDURE

Heat transfer data obtained in this investigation was
based on 48 tests, The inlet Reynolds number and tempera-
ture ranges studied were from 800 to 18000 and 200 to 550°F
respectively. The complete data 1s tabulated in appendix
A,

The following measurements wéfe recorded for each test
after having attalned a steady state 3 |

1. Barometric pressure.

2, Ambient air temperature at various positions along

'the pipe length.

3, Centre line and circumferential temperature of the

mixing chamber,

4, Centre line temperature at the entrance to the

test-section.

5. Radisl temperature profiles both along vertical

and horizontal dlameters at each of the X/D ratios.

6, Circumferential wall temperatures (top, side, bot-

tom) at each of the X/D ratios.

7. Volume flow rate of air in the pipe.

In order to have a selected temperature at the inlet

of the test-section with (1) steady state condition
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(11) the wall and centre line temperature of the mixing
chamber approximately equal by making use of the thermal
- Jacket, the time taken for thevprocess was normally from
20 to 30 hours for each test depending upon the inlet tem-
perature and Reynolds number,
Stability of each experiment was ensured by checkling

the key point observations periodically.
4,2 EXPERIMENTAL RESULTS

1. Figures 2 to 4 show the typical variation of mean air
temperatures (ty) and wall temperatures (ty) with X/D for
NRei<:3000. For various flow rates.and inlet air tempera-
tures, the axial varlation of mean alr temperatures are
grouped in figures 5 to 9 and their corregponding axial
variation of wall temperatures in figures 10 to 14, The
dependence of tp and t, curves on the inlet Reynolds number
in the range of 4000 Nge, 18000, for t4 &~300°F & 500°F,
is shown in figures 15 to 22 and 23 to 30 respectively. 1In
graphs 31 and 32 are shown the 1solated t, curves (GOOOg;
NReig;lBOOO, tic:BOOOF & 5C0°F) from their corresponding
tﬁ curves, to demonstfate the conslstency of the observed
A trend.
2, -~ Radial horizontal and perpendlcular temperature pro-
files at various X/D ratios are shown in figures 33 to 48
for various inlet Réynolds numbers and temperatures,

3. The effects of free convection on circumferential
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temperature variation are demonstrated in figures 49 to 52.
4, The influence of increasing inlet air temperature on
the local Nusselt number along the pipe length 1s shown in
graphs 53 to 63,

5. Figures 64 to 72 show how the rate of local heat trans-
fer is affected when the inlet air Reynolds number is in-
creased. These figures demonstrate such effects for both
low and high Reynolds numbers at various inlet alr tempera-
tures, ,

6. Figures 73 and T4 illustrate the dependence of the
loéaliNusselt number on the inlet Reynolds number when the
X/D fatio is held constant. |
7.—Figures 75 and 76 show the results of calculating the
mean Nusselt numbers for differént tube lengths at varlous
inlet Reynolds numbers,

8. The experimental results of Hall and Khan (12) for
thermal boundary conditions of uniform wall temperature and
uniform wall heat flux are compared with the results of the
present investlgation in figures 77 to 79. Thils shows the
effect of the thermal boundary condition on the local heat
transfer coefficient.‘

9. Figure 80 provides a comparison between the results of
this study, experimental results of McComas and Eckert (22),
and the prediction of Seigel et al. (31), to show the ef=-
fects of free convection on the local Nusselt number, _
10, Numerical solutions of Kays (1l4) for laminar flow heat

transfer for different wall boundary conditions and Langh-
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aar's developing veloclity profiles are compared in fig. 81
and'82 with the results of this study to shed some light on
‘the extent of heat transfer by free convection. |
11, Figures 83 and 84 show the reproducibility of the ex-
perimental results of this investigation for tests run at.
different times, |

12, Pigures 85 and 86 demonstrate the influence of forced
external draft on the axlal variation of wall temperature
and mean air temperature; and the local rate of heat trans-~
fer regpectively., The external draft was produced by a fan
operating in the réom 80 ae.to cause forced convectlon over

the surface'of the test section.
4,3 EXPERIMENTAL UNCERTAINTY

1. The various measured gquantities and the propertles of
air employed in the computation of local Nusselt numbers
and other dimensionless parameters were within the limits

as shown below:

Barometric pressure ......{......Q. jIO.B" Hg

]

Ambient air temperature ........... = T2.00F
Rotameter readings ....eeeecocseees - 311.0%

Wall and air temperatures ......... = T0.3°F

Pipe diameter e & 9 0 2 0 4 ¢ 0 0 8O TS 8 e s e 0 : to.oo6"
Thermal conductivity of air, k .... = T0,8%
Specific heat of air, C. ..veevv.o. = L0,16%

p
Viscosity of air, /l............... t0.8%

1]
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Using the above mentioned intervals, the calculations
for several representative test runs showed that the maxl-
mum possible uncertainty in the values of local Nusselt
numbers was approximately +15 percent.

2. The calculations accounting for the heat losses due to
radiation from the thermocouple probe showed that the cor-
rect values of local Nusselt numbers could be as low as 16

percent than those shown in graphs and in appendix A,
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CHAPTER 5
DISCUSSICN
5.1 AXIAL VARIATION OF MEAN FLUID TEMPERATURE

From the curves shown in flgures 2 to 9 and 15 to 30,
it caﬁ be seen that the variation of mean alr temperature
ty in the axial directlon 1s changed markedly with an in-
creasing flow rate, In the case of smaller mass flows
(Nﬁ%ﬁ;lBOO), the distribution of t, 1s very steep over the
first 50 diameters and then tends to flatten out. At
moderate flow rates (1800<§NRBg:8000), the rapid drop
tendeney of t; in the initialgart of the test-section
disappears and is replaced by a gradual decrease along the
full length of the plpe. Finally for higher mass flow rates
(NRQQZSOOO), the trend i1s towards an almost linear dlstri-

butlon of t, over the entire length of the test-section.
5.2 AXIAL VARIATION OF WALL TEMPERATURE

A careful examinétion of the variation of axial wall

temperature cﬁrves in figures 10 to 32, reveals that:

a. The inlet Reynolds number does not affect the
axlal wall temperature in the same manner as 1t
affects the axial variation of fluid mean tempera-
ture,

b, Under the axial wall temperature distribution
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curves lies the phenomenon of the "gradual develop-
ment" to "transition" of the laminar boundary layer
in the teét-section ﬁnder the conditions of the
present investigation.

¢, It appears as 1f the ty curves establish two dis-
tinctive families probably due to ﬁwo different
phenomena taking place in the system, The family
1, shown in figures 10 to 14, prevailsldver flow
Reynolds numbers <6000, and is characterized on the
basls of the free-Convectlion effects. The family
2, which is illustrated in figures 16 to 32, pre-
vails over the flow Reynolds number >6000 and 1s
attributed to the transition phenomenon of the
laminar to turbulent boundary layer in the test-
gection, ‘

The characteristic behaviour of these two families of

curvesg 1s discussed briefly in the following:
A, Family of curves established for Np,<6000.

The following points are noteworthy regarding the be=-
haviour of'ihe curves shown in figures 10 to 14,
1. The Reynolds number has a marked influence on the
éxial wall temperature variation.
2. At low Reynolds numbers (NReg;l2OO), it seems as if
the laminar boundary layer 1s developing and the

length occupied by 1t 1s very small (not more than
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2 or 3 diameters). However, as the inlet Reynolds
nunmber 1ncreases; the section occupied by the lam-
inar boundary layer also iﬁcreases. For instance,
when t42=3000F and Ng, 21800, the length of this
section ls approximately 12 dlameters, and for
Nge== 2800 and 4000, it becomes approximately 15
and 20 dlameters respectlively.

3, At some distance from the entrance (depending upon
NRQi)’ the rate of wall temperature drop. is re-
duced comparatively over certain length of the pipe.
This may be due to the effect of free convection
&hich appears to oppose the drop in wall temperg-
ture'over ihis region. Following this, the decrease
in wall temperature becomes more gradual,

Frém the foregoing observations, three regions could

possibly be identifled over the total length of the heat

transfer-section, They are:
1. Initial Sectlion

This sectlion is occupied by the laminar boundary layer.
Wall iemperature drops very rapidly. Buoyancy effects are

not so pronounced.
2, Intermedliate Section

In this section buoyancy effects seem to be dominant,

Due to this, a secondary flow 1s established which brings
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the hotter air from the centre of the pipe out to the walls

resulting in a rise in wall temperature,
3, Exit Section

Over this section,_ﬁhe effect of buoyancy does not ap-
pear to be pronounced. The wall temperature decreases
gradually.

It may be noted that the length of the initial section
occupied by the laminar boundary layer attains its limiting
value of approximately 30 diameters at NRef&6OOO, beyond
which it starts decreasing agaln with an increasing inlet

Reynolds number.
B, Family of Curves established for NR%;;6OOO.

Graphs showing the axial variation‘of wall temperatﬁre»
. for this family of curves are presented in figures 16 to 32
for t4~=300 and 500°F., Salient characteristics of this
class of curves are discussed here,

It is seen from these curves that a viscous flow'exists
at the beginning of the tube (1,e., a laminar boundary layer
is formed), the wail temperature falling off rapidly with
the digstance from the inlet. After passing the minimum
polint, a transition region is eﬁtered where lamingr boundary
layer turns into turbulent one., Withlin this region, the
wall temperature lncreases along the length, Starting from

certain value of X/D, subsequent turbulent cooling takes.
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place.

These Tigures show conclusively that the jump in the
axial wall temperature curves 1s due to a boundary-layer
effect and is caused by transition.

Agaln, the total heat transfer section could be divided
into three distinctive zones each having different charac-
teristlics., They are:

1, Laminar Béundary-Layer Zone ‘

| This séotion of'the.pipe is occupled by a laminar
boundéry-layer which results in a rapid drop in wall temp-
erature over 1t. At NReggéooo, the section occupled by the
laminar boundary layer'covers a considerable part of the tube;
lts length diminishes as the Reynolds number increases, For
instance, at NReékBOOO,‘the length of the laminar sectlon 1s
approximately 18 diameters whereas aﬁ NR65317700, the length
- of thils section does not exceed 7 dlameters.
2., Transltlon Zone ‘

Over this section of the plpe the wall ﬁemperature in-
creases rapidly from the minimum to a new maxlmum value. As
the inlet Reynolds number increases, the length occupled by
thls section decreases and the value of X/D where transition
starts, moves towards the inlet of the p:lpé.

%, Turbulent Boundary-Layer Zone
. This section of the pipe is occupied by the turbulent
boundary-layer. Since increasing Reynolds number has the

effect of diminishing both the laminar and transitlon zones,
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consequently the turbulent zone lncreases proportionally.
The slope of the ty curves ls very small as compared with
the leminar boundary-layer sectioh.

It follows from the above that the shares of the
1aminér section and of the transition region 1in the total
heat transfer decrease as the NRe,and the relative length
of the pipe increases. When values of NReéor X/D are suf=-
ficlently larger, the influence of these section will be-
come so small that 1t might be neglected.

5.3 RADIAL TEMPERATURE PROFILES

Typical horizontal and perpendlcular temperature pro-
files; presented in figureé 33 to 48 for various inlet
Reynolds numbers, reveal the folldwing noticable features:-
1. The temperature profiles at the entrance to the test—
section are nearly uniform, |

2. The effects of natural convection are exceedlngly severe
and pronounced for Ngpeg < 8000, The horizontal and per-
pendicular temperaiure‘variations across the cross-
section are significantly different from each other in
the sbove mentlioned range of Reynolds numbers and over
s major portion of the test-section. The temperature
'profiles are practically symmetrical in the horizontal
plane passing through the tube axis but not in a vertical

plane.

-

3. For Nge,> 8000, the temperature distributions along the
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horizontal and vertical diameters tend to be identical
and are symmetrical about their respective axes,

4, Some starting length appears necessary for the establish~-
ment of the free convection effects, |

5. The influence of natural convectlon tends to increase
with increasing X/D ratio, attains its maximum value at

some X/D beyond whichvit starts diminishing again.
5.4 THE SECONDARY FLOW

By studying the horizontal and vertical temperature
profiies in the test pipe 1t can be seen that a secondary
flow exists which 1is superimposed on the axial fiow. A
brief descriptioh of the process is attempted below:

As the wall temperature gets lower than the fluid tem~
peraturé, the fluid near the wall becomes cooler and there-
fore more dense than the fluld nearer the éentre of the pipe.
It therefore flows downward along the tube wall, The two
downward flows along the both sides of the tube probably
colncide wlth each other at the bottom part of the tube,
.change direction and come to the central part. The partlcle
of the fluid caught in transverse circulation moves simultan-
eously in the 1ong1£udinal-direction. The resultant path 
of the particle is a helical line, Therefore, it is con-
sidered that these flows form a pair'of vortices one on each
side of a vertical plane passing through the axis of the
tube. Furthermore, 1t appears that the centres of these

vortices change thelir positlon with (1) increasing X/D ratlo,
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and (11) increasing flow rate, The flow of the hot fluid
from the inner part towards the pipe wall to replace the
cooled descending fluld probably explains the occurrence of
two maximum temperatures on each side of the centre of the
horizontal dlemeter.

Since the convective movement cannot start until some
heat has been transferred from wall layers of the fluid,
the effect on heat transfer must be small near the inlet,
build up to a maximum when appreciable volumes of cooled
fluld are present and finaslly dle away when the bulk temper-
ature of the fluld approaches the tube wall temperature.
This seems to explain why: (i) some starting length appears
to be necessary for the establishment of natural convection
effects, and (11) increase in the effects of the free con-

vectlon to some 1imit1ng value along the plpe length.
5.5 CIRCUMFERENTIAL TEMPERATURE DISTRIBUTION

Figures 49 to‘52 11lustrate some of the tyﬁical circum-~
ferenﬁial temperature distributioné along the plpe dxis for
both low and high flow rates, It can be seen that practically
there 1s no difference between the top, side and bottom tem=
peratures of the plpe circumference for N395=12000 and above.
The temperature distributions for low Reynolds numbers howe
évef, show some difference, These curves show under
what conditions of inlet Reynolds number and over what length
of the pipe, the effect of the free convection are more pro-

nounced,
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5.6 EFFECT OF INCREASING ty ON Nituy

Figures 53 to 63 are self explanatory and show the

effect of increasing inlet alr temperature on the local rate

of

heat transfer along the length of the pipe. The figures

show that the inlet air temperature does not have any signif-

jcant influence on the local Nusselt number at any of the

Reynolds number studied in this investigatlon,

5.7 EFFECT OF INCREASING NRes ON Nyuy

be

From figures 64 to 74, the following observatlons can
made ¢ |
For the lower Reynolds numbers (800<:NRef(3000), the local
rate of heat traensfer is not affected significéntly by
the increasing Npe,.
For the range of Reynolds numbers (6OOO<fNRQ§:18000),
the effect of increasing flow rate on local Nusselt number
is highly significant. The local Nusselt number varies
approximately linearly with the lncreasing inlet Reynolds
numbers,
The established pattern of the Nyuy, Vg X/D, curves are
very interesting and 1llustrate the growth of the boundary
layer, that is, a laminar boundary layer giving way to a
turbulent boundary layer. The local heat transfer rate
decreases rapidly from a vefy high value in the laminar-
flow region until a point of transition to a turbulent

boundary layer is reached., It then rises to the corres-

ponding value of turbulent flow.
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5.8 EFFECT OF X/D RATIOS ON Nyy.

The results of calculating the mean_heat‘tranéfer for
different tube lengths are given in figures 75 and 76. It
may be noted that (i) for NRe§:3000; the length of the tube
does not affect the mean Nusselt numbers significantly but
the trend qf mean Nusselt number being higher at smaller
values of X/D, 1is consistent, and (i1) for Nge >6000, the
mean Nusselt number does show dependence on X/D and the trend

of 1t being higher at larger values of X/D is also consistant.
5.9 COMPARISON WITH PREVIOUS INVESTIGATIONS

1. The Effect of Wall Boundary Conditlon

Figures 77 to 79 show the compafison of this work with
the experimental data of Hall and Khan (12). Their results
are for heating of air using the béundary condition of (1)
uniform wall temperature and (ii) uniform wall heat flux,

The velocity and temperature profiles weré uniform at the
inlet of the test~section.

Figure 77 shows that the local Stantdn number for this
study was higher than those of the other two wall boundary
conditions  over X/D< 14, and fell in between them over
14<X/D< 25. Under the comparison condition of figures 78
and 79, it can be observed that the present results are higher
than the other boundary conditions over X/D< 20 (fig 78) and
X/D>10 (fig‘79) respectively. Unfortunately, non-availabil-
1tj of experimental data for the cooling of alr in horizontal

tubes does not permit any conclﬁsive remarks. as to the effect
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of wall boundary condition on the local rate of heat transfer.
2. The Effect of Free-Convection '

Figure 80 compares the resulté of the present lnvest-
igation with the experimental data of McComas and Eckert (22),
and the analytical predictlon of Siegel at el. (31).

The experimental data of McComas and Eckert is for (1)
heating of air under uniform wall heat flux, (ii) developing
temperature profiles, (1il) fully established velocity pro=-
files at the gntranée of the heated section, (iv) test=-
section of 0.5" diameter.‘

The figure shows that the values of local Nusselt
number for the preseﬁt work are far hligher than thelr exper-
imental results. This could be due to (1) tube diameter |
effect, (ii) hydrodynamic entrance effect, and (i1i) wall
boundary condition. |

| The analytical prediction,of Siegeliat.el. is valid for
(1) uniform heat flux a£ the wall, (ii) fully established
parabolic velocity profiles, (iii)'thermally de#eloping
region, and (iv) longitudinal heat conduction negligible
and (v) constant fluid properties, Thé values of loéal
Nusselt number are higher for this work than those of the
prediction (Fig 80). This could be attributed to (i) free
convection effect,‘(ii) wall boundary condition, (1ii) hydro-
dynamic entry effect, and (iv) temperature debendent fluid
properties. According to Kays (15), the effect of the tem-
perature depehdent fluld properties could be up to 10 per
cent and those of hydrodynamic entry effect 12 to 25 per

cent.
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The numerical solutlons of Kays (15) are compared with
the present work in figures 81 and 82, These solutlon are

valid for the heating of flulds having Np,20.7 and NpeK
3000, using the boundary conditions of (1) constant wall
temperature, (11) constant wall heat flux, and (1ii) constant
wall ‘o fluid‘temperature difference, Also, these solutlions
assume, (1) uniform velocity and temperature profiles at the
entrance, (11) constant fluid properties, Langhaar’g develop-
ing velocity profiles, and (iv) no free convection effects.
The graﬁhs (Fig. 81 & 82) show that the local Nusselt number
for this study are substantially higher than those calculated
from the numerical solutions. This may be due to (1) free
convection effects, (11) wall boundary conditions, and (1iii)

temperature dependent properties.

5.10'RELIABILITY OF THE EXPERIMENTAL RESULTS

1. Reproducibilitj

Figures 83 and 84 show the reproducibility of the exper-
imental results. Curves in figure 83 show that the axial
variation of wall and fluid mean temperatures are not affected

appreciably by unknown'and uncontrolled variables, Figure
74 shows that the local rate of heat transfer also remains
practically unaffected. |
2, Effect of External Forced Draft

Run 48 was especiélly conducted to explore the effect
of external forced draft on the surface of the plpe. A large
fan was used to produce an artifical draft over the test

gection and to upset the normal conditions of the room,
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The results of various measurements are shown in filgures

85 and 86. Figure 85 shows that the t, and tp curves are
affeéted almést in an ldenticel manner. Consequently in
figure 86 the rate of local heat transfer remains practically
unaffected by the external forced draft.

We close the discussion with the remarks that in nonis-
oﬁhermal flow of fluld the phenomenon acquires a number of
peculiarities. Many of the above dlscussed considerations
regarding the nature of the nonisothermal flow, the effect
of free copvection'on:hedt transfer, etc, cannot yet be
expressed in ﬁhe form of precise quantitative relationships.
Nevertheless these considerations may be sucdessfglly employed
to evaluate phenomena quallitatively; they show vhat aspects

of the process merit attention and permit corregt evaluation

of test results,
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CHAPTER 6
CONCLUSIONS

Under the condltion and range of the investigation,

following are the main conclusions arrived at :

1. The increasing Inlet alir temperature has no signi-
ficant effect on the local rate of heat transfer
along the length of the tube.

2. The local Nusselt number 1s not affected signifi-
cantly by the increasing inlet Reynolds number for
'NR9523000. For the range of Reynolds numbers
(6000 NRe4K 18000), the effect of the increasing
flow rate on the local and mean Nusselt numbers 1ls
highly significant. In this range, both the local
and the mean Nusselt numbers vary approximately
linearly with an increasing inlet Reynolds number,

'3, For NR61;36OOO, the phenomenon of laminar, transi-
tion and turbulent boundary-layer is encountered
which has pronounced effects on the axlial wall tem-
perature variation and the distribution of local
Nusgelt number along the tube length.

4, The X/D ratio seems to have some effect on the
mean Nusselt number in conditlons of a mixed bound-
ary layer. »

5. Free-~Convection has a pronounced effect on the

radial horizontal and perpendicular temperature

132
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profiles up to approximately Npe, = 6000. Above
this value of Réynolds number, the effects of free
convection are diminished and the témperature dis=-
tributions teﬁd to be symmetrical about thelr res-
pective axes, |

6. As indicated by the axiasl and circumferential vari-
ation of wall temperatures and the radial tempera-
ture profiles, the effect of the free convectlon
appear to be dominant over flow Reynolds numbers
up to approximately 6000,

T. Some starting length appears necessary for the es-

tablishment of the free convectlon effect,
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APPENDIX A

Teble A = 1
Variation of Temperature and Dimensionless

Parameters with X/D Ratilo

Run No, 1 Barometric Pressure - 29.45"Hg
| Ambient Alr Temperature = 84,5°F
Inlet Air Temperature - 342,0°F
Mass Flow ~19.80 1lbs/hr
. N N N
t, t GR GZ Nu
Xx/p | ® W NgE * | Yoz
(o] (o} X Xlo“S X
F F (x + Ax/2)
0 342,0 290,0 1776 18,21
48T.1 | 35.4
4 307.8 210,0 1833 18.34 247.8
- . 143,6 | 15.3
10 280,0 184.5 1882 18,22 102.0
65.7 1 21.2
22 222.0 165.0 1992 16.91 49,4
. 41,0 | 22,1
32 190,0 145,0 2059 15,26 35,2
30,8 119.3
42 168.C | 130.0 | 2108 13.55 275 ‘
, 23.9 | 21.6
56,5] 142,0 118.,0 2168 10.75 21,1
18,1 119.3
122.0 107.0 2217 7.84 15.9
" 7 14,2 | 18,5
9 110.0 9.5 2247 5.71 12,8
4 7 11.9 | 14.6
113 104.2 05.0 2262 4,56 11.1
10.2 9.5
133 100,0 91.5 2274 3,68 Q.4
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Table A - 2
Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 2 Barometric Pressure 29, 44" Hg
0
Ambient Air Temperature = 82,0 F
Inlet Air Temperature - 387.5°F
Mass Flow ~19.,46 1lbs/hr
N N, Ny
t t, GR G2 Nu
X/D m W NpE X | Ngg
o o X I x10™° X
F F (x 4+ Ax/2)
387.5 | 330.0 | 1677 17.92
460,0 | 36,6
4 345,0 232.5 1741 18.43% 234,17
. 137.0 | 20.6
10 302,0 202.5 1811 18, 62 97.9
63.0 | 17.9
22 246,0 178,0 1912 18,01 47.2
’ 3903 1909
32 210,0 | 156.0 | 1982 16.78 3348
’ 29.7 |17.1
42 185,0 137,0 2035 15.35 26.5
. 23,0 |18.6
56,5| 155.0 122.5 2101 12,76 20.4
17.5 | 14.6
77 132,5 109,0 2154 9.99 15.4
15,8 | 18.6
97 114,0 99.5 | 2199 T.03 12.5
11,6 | 17.2
113 105.0 94.0 2222 5.33 10.9
10.0 j1l2.5
133 98.5 89.0. 1 2238 397 9.3
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Table A - 3
Variatlion of Temperature and Dimenslonless

Parameters with X/D Ratlo

Run No. 3 Barometric Pressure -29, 68"Hg
Aubilent Air Temperature  =83%,0°F
Inlet Alr Temperature -432.2°F
Mass Flow -20.43 1bs/hr
N N N
t, t, GR GZ Nu
X/D m W Npg x | Ngz
o 0 X 1 x10"5 x
F F (x 4+ Ax/2)
432,2 380.,0 1695 17.37
4E5.3 | 42.2
4 380.5 251.0 1771 18.22 238,2
139.0 | 18.6
10 335.7 217.0 | 1844 18.70 99.5
64,2 18,1
22 270.2 191.5 1960 18.59 48,3
: 40,3 2l.2
32 227.0 164.5 2045 17.60 34,8
30,6 18,1
42 168,.2 146,0 2107 16.27 274 '
' 23.8 19.7
56.5] 165.7 133,0 2180 13.84 2l.2
18.2 19.5
7T 1357.0 114,0 2250 10,57 16.1
v 14,4 20.5
97 118,0 104,0 2298 Te 63 13,1
l2.2 18.3
113 100.0 08,0 2322 5.97 11.4
10.5 19,9
133 100,2 93.0 2345 4,16 9.8
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Table A - 4
Varlation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No, 4 Barometric Pressure -29.52"Hg
Ambient Alr Temperature -81,0°F
Inlet Alr Temperature ~337,0°F
Mass Flow ~19,55 lbs/hr
N N .. N
t t, GR GZ Nu
X/D m W NRg * | Naz
0 o X | %1075
F F ; (x4 Ax/2)
0 337,01 290,00 1762 18.70 ~
482.5 | 31.7
4 306.3 | 204,5 | 1812 18,84 245,0
' 142,6 | 20.4
10 269.7 | 181.0 1877 18.65! 101.8
65.3 | 18.4
22 221,01} 163.,0 1969 17.50 48,8
‘ 40,4 | 20.4
32 190.,5 | 144,5 | 2032 15,97 34.7
30.4 | 18.1
42 168,5 | 127.5 | 2080 14,331 27.2
56,5 1l44,5 }117,0 2135 11.84 20.8
17.8 |17.9
77 122.5 | 104, 2188 8.75 15.7
2 14,0 | 16.5
o7 109, .0 | 2220 6o & 12.
095 4 ' 7 T 11.7 {19.4
113 101.0 92,0 2242 4o T7 11.0
10,1 |13.9
133 95.3 | 88,0 | 2257 3.53 9.4
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Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No. B Barometric Pressure - 29,52"Hg
Amblent Alr Temperature - 77.3°F
Inlet Air Temperature - 196.50F
Mass Flow - T.44 lbs/hr
N N .. N
GR GZ Nu
xp | ‘m b NgE X | Yoz
O (o] X xlO"’S x
F F « (x+ Ax/2)
196.5 170,0 768 16,98
214,0 | 36.4
4 164.8 132,0 794 14,71 109.0
' : . 63.4 | 22.7
10 137.3 113.0 819 11.72 45.1
28,7 | 19.5
22 107.7 95.0 847 T« 03 21.3
‘ 17.5 | 20,2
32 94,3 87.0 860 4,25 14,9
13.0 | 24,4
42 85.6 82.0 | 869 2.19 11.5
: 9.8 |12.5
56,5 82,2 80.0 872 1.322 8.6
5 ¢ Te3 | 10.1
T 79.8 78.4 | 875 0.6 6e3
7 50 6 l"‘o 3
9 0 T77.5 | 876 0. 47 5.0
! 7 ! ' ‘ 4,61 7.8
113 78.0 T7.0 | 877 0.19 4.3
: 4,0 7.8
133 T7.0 76,0 | 878 0,08 3.7
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Varlation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No. § Barometric Pressure —29.72"Hg
Amblent Alr Temperature ~78.8OF
Inlet Air Temperature =306, 0°F
Mass Flow -8,78 lbs/hr
N N.. N
t t GR GZ Nu
X/D m W NRE_ X | Naz
o o x10™2 X
F F (x4 Ax/2)
0 306,0 270,0 814 19.36
226.2 | 35.5
4 25%,5 | 183,0 | 856 18,97 |116.3
. 68.4 | 23,1
10 199,7 152.0 904 17.12 49,4
31.9 | 21.8
22 142,0 118.0 962 12.16 | 24,1
. 19.9 | 22,7
32 116.5 102.0 989 8.37 17.1
4o 14.9 12045
56,5 91,5 | 87.0 | 1018 3.26 | 10,0
8.5 | 15.3
77 85.0 82.0 1026 1l.66 Tod
6.6 | 16.5
97 81.2 80.0 | 1031 0.66 5.9
113 793 79.2 | 1033 0.14 5.1 5:5 1 33.3
133 79.0 79.0 | 1033 . 0.05 4.3 4o | 549
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Table A « 7
Variation of Temperature and Dimensionless

Parameters with X/D Ratilo

Run No. 7 Barometric Pressure -'29.42"Hg
Ambient Air Temperature = 62,9°F
Inlet Alr Temperature - 200,0°F
Mass Flow ~ 8.85 lbs/hr
N N N
t, 1, GR GZ Nu
X/D m W NgE x | Nez
° © x| x10m2 x
F F (x4 Aax/2)
200.,0 180.0 910 19.57
253,0 | 38.9
4 1171.,2 |131.5 939 17.96 | 128,7
. T4.9 [ 23.9
10 }141.8 }113.0 968 15,34 534
34,1 22,6
_ 20,9 (21.4
32 94.2 85,0 | 1023 799 17.7
. 15,4 119.1
42 85.8 79.0 | 1033 6.15 13.7 '
. 11.7 {14.5
56.5] 79.2 T4.,5 | 1041 4,56 10.2
8.7 [13.0
[ 7 6.7 | 9.5
97 1.8 0.0 | 1050 2,60 6.0
7 ! > 5.6 1 5.6
113 1.0 69.5 | 1051 2.38 5.2
7 : 408 705
133 70.0 69,0 | 1052 | 2,10 bk
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 Table A - 8
Varlation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No, 8 Barometric Pressure - 29,56"Hg
Ambient Alr Temperature - 71.5°F
Inlet Alr Temperature - 300.()0F
Mass Flow - 9,83 1lbs/hr
N N N
t t, GR GZ Nu
x/p | W NRE_ % | Naz
¢ 0 x10~ X
F F (x 4+ ax/2)
304,0 275.0 Q17 20,05
254,51 39.5
4 253,5 | 179.0 962 19.82| 130.7
' 76,9 24,1
10 200,0 147,5 1016 18,22 55.5
35,91 22,4
22 141,8 115.0 1081 13,58 27.1
. 22.4 | 23,7
32 115.5 99.5 1113 9.86 19.2
16,81 20,9
42 101,.0 89,5 1132 T.19 14,9
. ‘ : 12,8} 16.8
56,5 89.5 82,0 1147 4, 60 11.3
9.6] 14,5
77 81l.5 78,01 1158 2,74 8.4
: 7.4 11.9
97 78,2 76.0] 1163 1.87 6.7
' 6.2 17.7
113 76.0 | 75.0| 1166 1.27 5¢T
5.31 10.3
133 75,0 74,0 1167 |- 0.99 4,9
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Table A = 9
Variation of Temperature and Dimensionless

Parameters with X/D Ratilo

Run No., 9 Barometric Pressure -29.57"Hg

Ambient Alr Temperature  -80,0°F

Inlet Alr Temperature ~397.5°F
Mass Flow ’ ~10.46 1lbs/hr
Nar Naz Nyu
x/p | K YR, % | Nez,
°F O x10 (x+ Ax/2)
0 3975 360.0 894 18.10
247.8 37.8
4 | 329,8 | 226.0 949 18,93 | 128.1
T5.7 21.3
10 | 262.2 | 187.5| 1011 18.76 54,9 »
35.8 21,1
22 | 182,8 | 143.,0| 1096 15. 69 27.3
| 22,71 22.3
32 | 145.2 | 119.0 | 1141 12.17 | .19.6
17.2 19.7
42 123,5 | 105,0 | 1169 9.17 15,4 ’
56.5| 105.8 95,0 | 1193 6,02 11.7
10.0 | 14,0
77 94,0 87.5 | 1210 3.50 8.7
o 7.7 14.0
97 87.5 84,0 | 1219 1.95 7.0
6.5 10. 4
113 85,0 82.0 | 1222 1.32 6.0
5.5 8.7
133 83,0 81.0 | 1225 |. 0.80 5.1
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Table A - 10
Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No., 10 Barometric Pressure ~29, 40"Hg
Ambient Alr Temperature ~78,0°F
Inlet Air Temperature <495, 00F
Mass Flow 11,75 1lbs/hr
N N .- N
1 t GR GZ Nu
X/D m W NpE X | Yaz
0 0 X I x10™° X
F F (x 4+ &ax/2)
o 495,0 450,0 926 16,19
256,35 | 33.5
4 415,5 267.0 988 17.76 | 132.7
: 787 17.9
10 335.2 221,0 1061 18,89 57«2
3TeT 19.2
22 229.8 168.0 1173 18.12 29.0
: 24,3 20,4
32 | 179.5 [138.0 | 1236 15, 64 21.1
' 18.6 | 19.4
42 147.8 118.0 1278 12.75 16.7 '
' 14,5 | 17.2
56.5| 120, 7 101.0 1318 9.07 12,9
11.0 15.3
7 100.5 90.0 1348 5437 9.7
’ 806 1405
97 90,7 85.0 | 1364 322 Te8
' Te2 12.4
113 86.5 82,0 1371 2,21 6.7
6.2 14,9
133 82,5 80,5 | 1377 _1.19 S5e¢7
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Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 11 Barometric Pressure ~29.32"Hg
Ambient Ailr Temperature  -80,0°F
Inlet Alr Temperature -558.0°F
Mass Flow ~12.10 1lbs/hr
N N N
X/D in W N, * | Yoz
0 0 x10™7 x
F F (x 4+ Aax/2)
55840 500, 0 908 14,68
' 251.7 | 32.3
4 466,0 296.0 976 16.55 130,7
v TTeT 17.4
10 3755 245,0 1054 18.13 56.7
37.6 | 19.4
22 254.5 185.5 1179 18,32 20,1
‘ 24,5 20,2
32 198.5 151.,0 1247 16,40 21.3
18,8 | 19.8
42 161.8 127.0 1207 13,72 16.9
_ 14,7 | 18.4
56.5] 129.7 |109.,0 | 1343 9.94 13.1
11.3 17.7
77 ]1105.8 95.0 | 1380 5.92 9.9
8.8 | 14,4
97 95.2 88.0 | 1397 3.71 8.0
Teh | 13.7
113 90,0 85.5 | 1406 2,52 649
6.4 | 15.3
133 86,0 84,0 | 1412 - 1.55 5.9
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Table A - 12
Variatlion of Temperature and Dlimensionless

Parameters with X/D Ratlo

Run No, 12 Barometric Pressure - 29,45"Hg
Ambient Alr Temperature -79.0°F
Inlet Air Temperature -?700°F
Mass Flow - 14,81 1lbs/hr
t " Ner, | Naz My
xp | @ W NRE, i
Op Op x107 (x + Ax/2)
270.0 240,0 1421 18.84
391.4 36.4
4 241,3 173.0 1462 18.35 198.7
115.4| 19,1
10 212,3 150.5 1505 17.38 82,1 .
52,51 17.8
22 172,0 | 133.04f 1570 14,98 39.1
‘ 32,41 21.3
32 | 146.5 | 119.0| 1614 | 12.44| 27.7
24,2 15.4
42 132.5 108,0 1639 10, 65 21.5
18.51 18,1
56,5 11l4.5 99.01 1673 7.83 16.4
14,01 17.1
7 100,2 91,5 1700 5,08 12.2
' 10.8} 12.4
97 3.8 87.0 1713 3. 68 9.8
9 . 9'1 15.4
113 89. 85.0 1722 2,63 8.5
o2 ’ 7.8) 12.1
133 | 86.0 82.0| 1728 | 1.82 7.2
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Veriation of Temperature and Dimensionless

Parameters with X/D Ratio
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Run No, 13 Barometric Pressure - 29.86"Hg
Ambient Alr Temperature ~73.5°F
Inlet Alr Temperature -215.0°F
Mass Flow - 12,03 1bs/nr
N N N
N GR GZ Nu
%o | ‘m W Npe | ez
o o £ | x10™2 X ‘
F F , (x+ Ax/2)
0 215,0 1700 1219 18,91
336.7 | 25.0
4 192.8 142,95 1247 17.84 170.5
98.9 19. 3
10 168,3 125.,5 1280 16,12 70,2
44,8 19.3
22 134,0 109,0 1329 12,41 33,3
1 2 - 27.4 | 18,4
32 117.0 98.5] 1355 9.82 23,4
20,4 18.8
42 104.5 91,0 1374 T.52 18,1
: ' 15.6 14,0
: 11.6 20,1
7 82, 79,0 1410 2.54 10,2
! ! g 3 9.0 11.1
' 7.5 | 14.3
113 e} 75.0 1419 1.00 7.0
o 6o 6.3
133 76,0 T4.0 1421 . 0,72 5.9
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Table A - 14
Variation of Temperature and Dimenslonless

Parameters with X/D Ratlo

Run No, 14 Barometric Pressure ~ 29, 81"Hg
Ambient Alr Temperature ~72.OOF
Inlet Alr Temperature -310.00F
Mass Flow ~13.11 1bs/hr
' N N N
t t, GR GZ Nu
X/D 1 w NRE, X5 Ngz
0 0 x107 X
F F (x 4+ Ax/2)
0 310,0 273.,0 1211 20, 30
33443 37.1
4 269.0 | 188.5| 1259 20,26 170,8
’ : 99.7 19.8
10 229,3 | 161.6| 1310 19.57 71.3
46. o 200 5
e2 | 173.5 | 135,0| 1388 16,78 34,6
' 28,6 | 19,8
32 146,5 118,0 1428 14.25 24,6
21.5 | 18.7
42 127.5 | 104.5| 1459 11.80 19.2
16.5 18.6
56,5 109,0 96.5 1489 8.7T4 14,6 |
12.5 15.9
7 95.2 8545 1513 597 10.9
‘ 9.7 13.7
97 87.5 82,0 1527 4,16 8.7
8.1 16.7
115 83.0 T9e4 | 1535 3603 7+5
6.9 8.9
133 81,0 78.5 1539 . 2,51 6.4
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Varlatlon of Temperature and Dimensionless

Parameters with X/D Ratio
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Run No, 15 Barometric Pressure - 29.74"Hg
Ambient Alr Temperature «-72,0°F
Inlet Air Temperature -.398,0°F
Mass Flow =-14,68 lbs/hr
N N, N
t t GR GZ Nu
xp | ® W NRE, % | Noz,
Op Op x10 (x+ Ax/2)
0 8.0 1 3%0.01 1253 19.04
4 9 346,11 40,2
. 228,00 1320 19.95{ 178.0
2397 104.2 | 18.9
10 289.5 | 195.0f 1383 20.25 74,9
| 48,6 | 20,0
22 216.8 | 161.0| 1485 19,08 36,8
' 3066 | 20.7
32 178.5 | 137.0| 1545 | 17.07| 26.4
23,2 | 19.4
42 152.3 | 120,0} 1590 14,81 20,8
18.0 | 19.3
56,5 126,0 | 105.0! 1636 11.52 16,0
13.7 18.4
77 105,0 93.5 1676 7e94 12,0
10.7 | 17.0
97 94,3 87.0{ 1697 5,72 9.7 :
9,01 21.0
115 88,0 84,0} 1709 4,26 Bek
7.7 | 15.2
133 84.5 81.5] 1716 |. 3.99 Te2
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Table A = 16
Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No. 16 Barometric Pressure -29.53"Hg
Ambient Alr Temperature  =T74,5°F
Inlet Alr Temperature ~496,0°F
Mass Flow -15,3%9 1lbs/hr
N N N
" t GR Gz Nu
X/D m W Ngg X | Ngg
o o X | x107° X
F F (x + Ax/2)
496,0 | 450.0| 1212 16.55
335.2 | 41.6
4 417.8 | 263,0| 1292 18,181 173.5
' 102,0 | 16.5
10 | 355.3 | 223.5] 1364 19.21 73.5
48,1 | 18.1
22 261.5 | 182,01 1489 19.46 3647
' 30,8 | 20.2
32 | 209.7 | 153.5| 1568 18.11 26,7
23,6 | 19,3
42 175.0 | 131.0| 1626 16,10 21,2
18.5 | 18.0
56,5 141.7 | 112.0| 1686 12.89 16,4
. 14,2 | 17.7
77 113.5 96,51 1740 8.77 12.5
: 11.2 | 16.0
97 99,0 88.0 1769 5.99 10.1
9.4 | 14.4
113 92,0 84,0 | 1784 446 8.8
8.1 5.9
133 89.0 81,0} 1790 |. 3.76 7e5
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Table A -~ 17
| Variation of Temperature and Dimensionless

Parameters with X/D Ratilo

Run No, 17 Barometric Pressure -29.74"Hg

Ambient Alr Temperature  =T75,50°F

Inlet Alr Temperature —550.0°F
Mass Flow -16.,36 1lbs/hr
N N N
1, 1, : GR GZ Nu
x/p | ® W NgE, 5 | ez,
Op °F x10 (x 4+ &ax/2)
0 550.0 485,0 1235 15.54
341,.6 37.8
4 464,.8 284,5 1321 17.39 177.0
‘ _ 104,0 14.9
10 400,0 245,0 1395 18,68 T4e9
22 293.5 200.0 1535 19.80 37.8
. 31.7 18.9
32 237.0 | 167.5 | 1622 19,13 2T 6
24,4 19,0
42 196, 3 142,5 1690 17.54 22,0
56.,5] 158,2 | 122,01} 1760 14, 67 17,1
14,8 18.3
7 123.7 102.0 1828 10.35 13.1
11.7 18.3
ST 104,5 92,0 1869 6.96 10.7
' 9.9 14,7
113 96.5 86.5 1886 5,28 9.3
8.5 14.8
133 89.0 82,0 1903 . 355 Te9
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Table A - 18
Varistion of Temperature and Dimensionless

Parameters with X/U Ratilo

Run No. 18 Barometric Pressure -29, 60%"Hg
Ambient Alr Temperature  =T75.0°F
Inlet Alr Temperature -199.0¢F
Mass Flow -17.62 lbs/hr
. N N N
t 4 GR Gz Nu
X/D n W Ngg X | Ngz
o] (o] X X:LO"’B
F F (x 4+ ax/2)
0 199.0 183.5 1815 17.61
501.3 § 48.5
4 18.07 136.0 1850 16.50 253.4
' 146.2 20.2
10 164,5 122.0 1883 15,22 103.3 :
5.4 | 16,6
22 | 143,3 | 115.0 | 1927 13,03 48,2
. 39.6 | 19.2
32 129,3% 108,0 1957 11,20 33,7
29.4 17.9
42 | 119.0 | 100.5| 1980 9.62 26.0
. 22.4 17.9
56,5/ 107.5 94,0 2006 Te 60 19,6
16.7 14,2
7 97.9 88.0 2028 5.66 14,6
‘ 13,0 14,1
97 91l.2 84,0 2044 4,17 11.7
10,8 13.2
113 87.5 82.0 2053 3.29 10.1
9.3 10.5
133 84,7 80.5 | 2060 - 2.59 8.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table & - 19

158

Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No, 19 Barometric Pressure -29,44"Hg
Ambient Alr Temperature -77.OOF
Inlet Air Temperature -712.OOF
Mass Flow -19,86 lbs/hr
. N N .. Ny
t, t, GR. GZ Nu
x/p | W NRE_ % | Moz
) © x10~ x
P F (x4 ax/2)
312.0 275.,0 1832 19.20
. 505.3 | 40.7
4 279.0 186.0 1889 19.16 256.0
148, 4 17.2
10 251.0 164,0 1941 18.83 105.5 .
67.4 16. 3
22 209.5 151.0 2024 17.58 50.2
_ 41,5 | 17.7
32 183,3 | 136.5| 2080 16.13 35,6
31l.2 17.7
42 162,5 123,0 2127 14,48 27.8 :
24,0 16.4
5605 140,7 111,0 2188 12,15 21,2
18,2 15.6
77 120,3 100.5 2228 9.26 16,0
' » 14,3 | 16.4
o7 106.5 93,0 | 2263 6.84 13,0
12.0 14,0
113 99.5 88.0 | 2282 5.43 11.2 ‘
10.3 11.4
133 93.8 85.0 1 2297 . 4.19 9.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




159

Teble A - 20
Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No. 20 Barometric Pressure -29.53"Hg
Ambient Alr Temperature ~T6,4°F
Inlet Alr Temperature -4OO.OOF
Mass Flow « 21,46 1lbs/hr
N N N
t, 1, GR_ GZ Nu
xp | ®m W NRE, o | Moz
Op Op x10 (x4 &ax/2)
0 399.5 | 350.0| 1830 18.34
503.,1 | 45,0
4 | 350.5 | 226,0| 1911 | 19.07| 257.5
' 149,7 16.6
10 314,77 189.0 1974 19.37 106.7
68.5 | 15.9
22 261.0 180,0 2077 19.19 5l.3
32 225,5 160,0 2152 18.39 364 6
32,2 | 17.6
42 197.5 142,5 2214 17.20 28.8
2500 1701
56,5 167.3 127.0 2286 15.12 22,2
9.1 | 17.9
7 137,0 110,0 2363 11.89 16,9
T 37 15,1 18.4
97 117.5 100.0 2415 9.00 13.7
‘ 12,8 15.5
113 108.3 94,0 2441 7.37 12.0
ll.o 1504
133 99.5 89,0 2466 _ 5.62 10.3
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Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 21 Barometric Pressure ~29,52"Hg
- Ambient Alr Temperature  -77,0°F
Inlet Air Temperature - 500, 0°F
Mass Flow -22,98 1bs/hr
N N Ny
t, 1, GR_, . GZ Nu
X/D ) W NREx 25 kGZx
°F °F x10” (x + ax/2)
0 500.0 | 425.0 | 1804 16,28
494,5 | 26,5
4 442,0 | 267.0( 1891 17.48 | 253,5
’ 147.9 | 15.3
10 | 395.0 | 233.0| 1967 18.35 | 105.8
68.4 | 15.4
22 322,5 | 210.5| 2099 19.25 51.5
' 43,0 17.5
32 275.0 | 186,01 2195 19.24 37.2
32.8 17.2
42 238.5 | 163.5| 2274 18,66 29.5
: 25.7 | 17.9
56.5| 197.0 | 143,01} 2373 | 17.06| 23,0
19.9 | 17.9
7 158,0 122,0 2473 14,14 17.6
. 15.9 18.7
97 132.3 108.0 2545 11,12 14,4
113 120,0 100,0 2579 9.27 12,6
11.7 15,4
133 108.3 93.5 | 2614 . T.21 10.9
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Table A - 22
Variation of Temperature and Dimenslonless

Parameters with X/D Ratio

Run No, 22 Barometric Pressure -29,45"Hg

Ambient Air Temperature  -T74.0°F

‘Inlet Air Temperature -550,0°F
Mass Flow ~24,15 1lbs/hr
N N N,
%, 1, GR GZ Nu
x/p | m W NRE, % | Moz,
op Op x10 (x4 Ax/2)
0 0.0 475,0 1824 15.33
' > 7 16. 6 499,1 5.1
4 .O 2 .5 l ll L] 3 25507
“ ‘95 77 7 , 149,.2 14.6
10 440,3 260,0 1990 17.68 106.7
9.2 15.8
8. 233, 2135 19.12 52.3
22_ 35843 33.5 , a7 | 1701
32 306.8 | 205.5] 2238 19.58 37.8
33.4 | 1743
42 '} 265.5 175.0 2328 19.47 30,1
A 26.3 17.9
.51 218, 156,01} 2439 18. 44 23,5
265 2 > 20.4 | 18.5
172.8 130. 2558 15.94 18.2
" 4 302 = 16.4 | 19.9
a7 142,0 114,0 2645 12.96 15,0
14,0 | 20.5
. 104, 2 10, 13,2
113 125,0 04,5 o5 €9 12,2 18.9
133 111.0 96,0 2738 |_ 8.40 11.4
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Variatlon of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 23 Barometric Pressure - 29,48"Hg
Ambient Alr Temperature - T4, 5°F
Inlet Air Temperature -203.0°F
Mass Flow - 27,45 1lbs/hr
: N N N
t t, GR GZ Nu
X/D m W NRE,, fB Nez_
°F o x10 (x 4+ Ax/2)
0 203,0 180.0 2816 17.75
T75.5] 47.3
4 188.7 | 137.0} 2859 16.97| 391.0
: 225,1] 20,1
10 176.3 | 125.0| 2896 16.14| 158.7
‘ 100.2}| 16.0
22 | 159.3 | 120.0| 2950 | 14.72| 73.6
: 60,41 17.8
32 147.2 | 116,0} 2989 13,48 51l.4
44,71 17.8
42 1 1%7,3 | 110,01} 3022 12,30 39.6
_ 34,01 16,9
56,5 125,.8 103.0 3061 10,72 29.9
25.5| 15.7
7 114.0 97.0 3102 8.83 22,3
' 19.8] 19.4
97 103.7 91.5| 3138 6.93 17.9
16.6| 17.8
113 98.0 88,0 3159 5.76 15,5
14.3) 18.7
133 92,5 86,0} 3180 |. 4,56 13.3
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Table A - 24
Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No. 24 Barotetric Pressure - 29,48"Hg
Ambient Alr Temperature = T76.5°F
Inlet Ailr Temperature - 306, 0°F
Mass Flow - 30,31 lbg/hr
" " Nar . Naz My
X/D m w YR, GZ
8] A} Q xlo' D X
F F (x+ Ax/2)
306.0 | 265,01 2811 19,33
770.01 45.6
4 280.,3 | 183.0| 2880 19.291 390,2
. 225,71 20.6
10 257.2 | 166,5| 2945 19.051 159.9
| 101.5( 14.8
22 229.0 | 156.0| 3029 18.43 The9
‘ | 61.8| 17.3
32 208.3 154,0 3093 17.66 52,7
46,11 17.1
42 191.2 | 137.0} 3148 16,77 41.0
- 35,40 17.1
56.5{ 169.7 | 127.5] 3221 15,25 31.3
26.81 17.3
77T 147.2 | 117.0| 3300 13,06 23,6
21.,1| 17.8
97 130.5 | 106.0] 3362 10,95] 19,11
17.8] 14.8
113 121.3 99.5| 3397 9.57 16,6
15.2] 14.8
133 111,.6 94,0 2434 7.92 14,3
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Variation of Temperature and Dimensionless

Parameters with X/D Ratio

164

Run No, 25 Barometric Pressure - 29, 64"Hg
Amblent Alr Temperature - T4, 0°F
Inlet Alr Temperature - 408, 0°F
Mass Flow ~33,15 1bs/hr
Nar NGZ NNu
°F °F x107 (x 4+ Aax/2)
0 405,0 | 350,01 2814 18, €0
T66.2 36,8
4 375.5 | 235,0 | 2887 19.11 388, 4
_ 225,2 18.5
10 344,7 | 207.0| 2967 19.54 160,0
_ 102.1 | 15.0
22 302,0 | 193.5 3086 19,85 75.9
' 62,8 | 16.2
32 272.2 | 182.5| 3174 19.78 53.8
47,2 | 16,9
42 246, 3 166.0 3256 19.43 42,1
. 36.6 | 18,0
56,5 213.8 151,0 3364 18,50 325
28,0 | 17.1
T 181,0 | 132,5 | 3480 16.75 24,7
’ 22,3 21l.7
97 155.2 119.0 } 3590 14,28 203
18.9 14,0
113 140,7 109.0 3635 12.97 17.7
16.4 | 17.7
133 | 125.7 | 103.0 | 3697 | 10.94 15.3
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Table A - 26
Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No, 26 Barometric Pressure -29,22"Hg
Ambient Alr Temperature "75£06F
Inlet Alr Temperature -498,5°F
Mass Flow ~-35.66 1bs/hr
N N N
t %, GR GZ Nu
X/D m W NRE, %5 | Moz, ,
Op Op x10 (x + Ax/2)
0 498.5 | 435,0| 2803 16,12
765.2 48,5
4 450,5 273, 0 2914 17,11 390.5
‘ 227.0 19,1
10 411,0 229.0 3012 17.88 161.7
103.3 | 13.4
22 363.5 | 224,01 3138 18.65 76.8
' 63.8 | 16.9
32 | 324.5 | 211,0| 3251 | 19.07| 54.8
48,2 16.4
42 293.5 | 192,0| 3346 19.18 43,1
’ ' 3705 1702
56.5| 2547 | 173.0 | 3473, | 18.89 334
28,9 | 17.9
7 2l2,2 152.0 3624 17.76 25.7
- 23.1 17.5
97 182.5 134,0 3738 16.20 21,1
113 164.2 122.5 53812 14,81 18.5
17.2 18,2
135 | 144,0 | 111.0| 3896 |.12.78| 16,1 | *7
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Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 27 Barometric Pressure ~-29,78"Hg
Ambient Alr Temperature ~75.5°F
Inlet Air Temperature -560,0°F
Mass Flow ~37.11 1bs/hr
: N N .. N
t t GR GZ Nu
X/D m W Ngg X | Nggz _
o) o X | x10™5 X
F F (x 4+ Ax/2)
560, 0 490,0 2782 15,37
753,0 | 27.9
4 526.,0 304,0 2855 16,111 381,6
221.8 16.2
10 483,2 269.5 2053% 17.04 | 158,1
101.5 14.5
22 419.3 252.5 3112 18.37 75.9
' 63.1 | 15.3
32 376.0 | 236.5| 3230 19.14 | 54,3
47,8 | 16.5
42 f 337,7 | 215.0 | 3343 19,64 | 42,9 '
: 37«5 16.8
56,5 291.8 | 183.5 | 3488 19.85 | 33.4
29.0 1800
77 240.5 | 167,01 3666 19,27 | 25.9
: 23,4 | 18,0
97 204,0 147.0 3804 17.99 2l.4
20,1 19.5
113 179.7 132,0 3902 16,53 18,9
17.6 | 18.9
133 157.1 | 122,5 | 3997 | 14.60 | 16.5
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Variation of Temperature and Dimenslonless

Parameters with X/D Ratlo

Run No, 28 Barometric Pressure - 29,58"Hg
Ambient Alr Temperature - 78.5°F
Inlet Alr Temperature - 303.5°F
Mass Flow - 43,15 1lbs/hr
N N. N
1, t GR GZ Nu
O Op x107 (x + &x/2)
0] 303.5 268.0 4011 19,22
1095.6f 52.6
4 283,8 | 189.5] 4086 19,18 5534
' . 318.9| 20.3
10 267.4 169,0 4151 19,04 225,2 :
. 142,41 14,3
22 246,00 163.0 4239 18,69 104,17
32 229.0 157.5 4312 18.24 T34
64,01 17.1
42 213,8 | 151.0| 4379 17.68 5649
: ' 49,11 19,0
56.5] 193.,2 141.0 44T 16.65 43,3
37e2]| 19.6
77 169.4 128,01 4587 14,94 32.7
. 29,2} 21.0
97 150.,3 118,0 4682 13.08 26.5
: ' 24,71 19,4
113 13942 1ll2. 4740 1l.75 221
79 ? 4 21.41 18.3
133 128.7 107.5 4796 10.31 19.9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




168

Table & - 29
Variation of Temperature and Dimensionless

Parameters with X/D Ratilo

Run No,. 29 Barometric Pressure ~-29,20"Hg
Ambient Air Temperature  -80.0°F
Inlet Air Temperature ~500,0°F
Mass Flow -50,58 1lbs/hr
N N Ny,
t GR_ GZ Nu
Op Op x10 ) (x4 Ax/2)
0 500,0 445,0 3971 15.73 ]
1081.4} 63.9
4 457,5 283.3 | 4109 16.57 550. 6
' 318.9| 21.3
10 425,8 | 248,01 4219 17.17 | 226.4
144,11 15.0
22 385.8 | 237.0| 4365 17.83 | 106.7
4 88.21} 16.3
32 . 226.5 | 4482 18.22 75.5
42 330.0 | 213.0| 4588 18,46 59.0
51.1} 16.7
56.5] 297.5 200,01 4728 18.55 45.3
8.8 & 18, 24 we| 2T
258, 178. o7 o2 24,
" °5.1 ! 7 31,11 18.2
97 228,0 162,0 5059 17.52 28.4
: 26,61 18.9
113 206,8 | 148.,5| 5170 16. 68 25,0
23,21 16.4
133 186.9 135.0 5278 15,57 21.7
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Teble A = 30
Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No. 30 Barometric Pressure - 29.53"Hg
Ambient Air Temperature - 78.0°F
Inlet Air Temperature - 302,0°F
Mass Flow - 65.09 lbs/hr
: N N N
t, t, GR GZ Nu
X/D m W Neg X | Ngz
o 0 X | x10-5 X
F F (x + ax/2)
0 302,0 273.0 6058 19,22
1647.5] 44.8
4 291.5 197.5 6119 19.21 828,2
. 477.2| 28.9
10 275.5 | 173.0| 6213 19.12| 336.8 |
212,41 15.5
22 259,0 | 169.0| 6313 18.94| 155,8
' 127.8] 15.3
32 247.0 164.5 6388 18.72 108.5
94,3} 11.1
42 2%9.,2 | 165.0] 6438 18.54 83.4
71.6} 14.5
56.5| 226.8 168.5 6518 18.19 62,8
53.9| 22.7
77 204,5 | 153,0 6668 17.28 47,3
42,31 23,0
97 185.8 142.0 6800 16,22 38.4
35.7] 25.0
113 172.0 133, 5 6900 15.20 33,5
31,00 24,9
133 | 157.2 | 123.5| 7010 | 13.86]| 29.0
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Table A - 31
Variastion of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 31 Barometric Pressure -29.92"Hg
Amblent Alr Temperature - 80,0°F
Inlet Air Temperature ~494.00F
Mass Flow -T76.50 1bs/hr
| Ngr Noz Ny
X/D tm tw NRE G x NGZ
F F (x4 Ax/2)
0 494, 0 426, 0 6034 16, 64
1633.8} 59.7
4 466, 2 292,0 6171 17.23 826.5
‘ 477.8| 26.4
10 439,22 250,0 6309 17.77 338, 4
214,91 18.7
22 403,0 239.0 6505 18.44 158.9
’ 130.5| 12.8
32 384,8 230,0 6608 18.74 111,11
96.51 11.1
42 370.5 | 232.5] 6665 18.88 85.4
T4.01 17.5
56,5 344.0 240,0 6875 19.29 65. 6
56.5| 22.8
7 305.8 214,0 7096 19,48 49,8
_ 44,91 25,1
97 271.8 195.5 7328 19,34 41,0
38.3| 26.3
113 247.8 | 178,01 7502 18.94 36.0
33.6] 23.7
133 | 224,0 | 160.5| 7683 | 18.25| 1.5
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Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 32 Barometric Pressure - 29,48"Hg
Ambient Alr Temperature =T7.0 °F
Inlet Alr Temperature - 206, 0°F
Mass Flow -78.,45 1lbs/hr
N N ., N
t 4 GR GZ Nu
X/D m W Npg x 1 Ngg
0 0 x| x1072 x
F F (x + ax/2)
0 206, 0 188.5 8025 17.47
2196.6} 48.9
4 201,2 150.0 8064 17.23) 1101.3
' 631.8] 28.7
10 194,.5 136.0 8121 16.87 4ok, 0
278.81 17.1
22 186.5 134.0 8189 16,39 203.7
‘ 166.41 11.9
32 182.5 179.0 8224 16.12 140,77
122.0] 18.1
42 177.5 141.5 8267 15.76 107.8
' 92.5| 26.5
56.5] 168.5 136.5 8347 15.05 81.0
69.1} 29.5
7 156.2 128.5 8459 13.92 60,4
53.71 30.1
97 145.8 122,01 8549 12,88 48,5
45,01 30,0
113 138.5 116.5 8624 11.91 42,0
38.8] 31.2
133 130.0 110.5 8711 10,69 36.1
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Varlation of Temperature and Dimensionless

Parameters with X/D Ratilo

172

Run No, 33 Barometric Pressure - 29,50"Hg
Ambient Alr Temperature - .77.5°F
Inlet Alr Temperature - 303,5°F
Mass Flow - 86,61 1bs/hr
N N, N
1 t GR GZ Nu
X/D m W Npg x| Ngz
o Oy X XlO“S x . ;
F F (x4 Ax/2)
0 303.5 271.0 8051 19,24
2188,6] 58.0
4 293,2 202, 0 8129 19.231] 1100,1
632.5] 29,1
10 281.1 177.0 8223 19.16 445, 6
280,7| 18.3
22 266.1 175.0 8343 19,06 205,7
: : 168.,5} 18,0
32 256,1 186.0 8425 18,92 143.0
124,.3] 20.4
42 247,0 186.5 8500 18,76 110.0
94,51 24.5
56,5 233.0 176.5 8620 18.42 83,0
71.1}| 30.1
7 211,8 164,5 8807 17.67 62.4
‘ 55.8} 30.8
97 194.,3 | 153.8] 8967 16.79 50.5
47,01 34,2
113 181.,0 14,0 o094 15.05 44,1
40.8 3209
133 167.5 | 138.0] 9225 | 14.89 38.1
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Variation of Temperature and Dimensionless

Parameters with X/D Ratlo

Run No, 34 Barometric FPressure - 29, 60"Hg
Ambient Alr Temperature - 80.0°F
Inlet Air Temperature - 404,0°F
Mass Flow - 94,62 1bs/hr
N N ., N
GRr GZ Nu
x/p | 'm b NpE * | Yoz
] o X | 41079 X
F F (x4 Ax/2)
0 404.0 370,0 8093 18.03
2170.9 | 47.0
4 332.5 257.5 8119 18,22 | 1091.2
| 627.4 | 21.3
10 379.2 223.5 8213 18,42 441,9
279.11 15.6
o2 | 360.0 | 224,0| 8374 | 18.71| =205.1
: 167.81 15.8
32 346, 7 240,0 8441 18,81 142,2
124,01 22,9
42 331.0 237.0 85T4 18.96 110.2
8 95.11 27.5
o 07.2 223,0 876 19,06 bR
56,5 307 3 765 9 9 72.1 | 29.4
. 205, 22 18.96 63,
7 276.7 05.51 90 9 3.5 57.01 29.2
[ 8.‘ 2 1.8
97 252.0 189.5 9241 18.6 5 48.3 | 29.7
11 . . 4 18.1 45,
3 234,2 176.0 Q405 9 5.3 52.11 29. 6
133 214.2 161.0 9598 17.48 39.4
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Veriatlion of Temperature and Dimenslonless

Parameters with X/D Ratio
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Run No, 35 Barometric Pressure -29.53%"Hg
Ambient Alr Temperature =-82,00F
Inlet Air Temperature ~-504, 0°F
Mass Flow -102.37 1lbs/hr
N N, N,,
t t GR GZ Nu
xp | B ¥ NRE_ % | Nez,
F F x10™ (x4 Ax/2)
504,.0 440.0 8012 15,87 v
2163.9] 68.1
4 480,8 310,0 8161 16,341 1092.5
‘ 629,1f 23.4
10 462,5 267.0 8283 16,70 4438
280.,6] 17.8
22 435,5 270.5 8469 17.22 206.5
‘ 160.6f1 17.4
32 418,0 290.0 8595 17.53 144.2
125.91 25.5
42 397.2 283,0 8748 17.88 111.9
56,5 365.2 265.0 8996 § 18.33 85.7
73.9] 30.9
27.8 | 242, o4 | 18,6 65.2
77 327 5 93 7 5 58.6| 31.2
97 297.2 223.0 9572 18.73 53.4
21 ' 49,91 31.7
113 275, 205, 4 18, 60 46,
753 5.2 9TT 9 43,7 34.0
133 250,2 | 194.0} 10015 ! 18.21 40,9
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Table A - 36

Variation of Temperature and Dimenslonless

Parameters with X/D Ratio

Run No, 36 Barometric Pressure - 29, 38"Hg
Ambient Ailr Temperature - 80,0°F
Inlet Alr Temperature - 310.0°F
Mass Flow - 93,57 1lbs/hr
N N N
t t, GR GZ Nu
X/D 1 W Npg | Ngz
o Os X 1 x10™° x
F F (x + ax/2)
0 310,0 277.0 8645 18.77
’ 2348.2| 57.6
4 300,2 206,0 8725 18,781 1180.0
‘ 677.7| 25.0
10 290.2 | 183%.0 8807 | 18.76| 4T76.9 _
200.41 20,1
22 | 274.8 | 187.0| 8938 | 18.66| 220.3
b 180.2| 14.8
32 267.3 198.0 3003 18.58 152, 6
132,71 22.9
42 257.5 193.2 9089 18.44 117.5
101.1| 28.1
6o 241,.8 184,0 231 18.13 88,8
0602 ? 76.1) 32.0
.2 | 171, 43 18.46 66.8
77 220 71.5 9433 9. 6| 26.7
.0 | 160,0 66| 17.8 53.8
97 205 95 T.07 50.2| 31.7
113 192,0 151,.0 711 16.09 47.0
7 ’ 2 43.5| 33.2
133 177.0 141,0 9843 | 15,23 40,5
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Variation of Temperature and Dimensionless

Parameters with X/D Ratilo
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Run No, 37 Barometric Pressure ~29,70"Hg
Ambient Alr Temperature -80.0C0F
Inlet Air Temperature ~307,0°F
Mass Flow ~-107.16 1lbs/hr
N N N
t t GR GZ Nu
X/D I w NRE, X | Ngz
° o x10™~ x
F F (x 4+ A%/2)
0 307.0 280.0 9928 19.19
2692.,3} 43.6
4 301.0 210.0 9984 16,19 | 1350,3
| 775.1| 26.6
10 292,0 188.0 10069 19.18 45,1 :
' 343,1] 22,0
22 278,2 199.3 10203 19,10 251.4
. 205,91 25.6
32 268.0 206,0 10303 19,00 174.7
152,01} 22,8
42 257.0 189.0 10414 18,84 134,6
115.7 1 30.6
56,5 243,2 188.5 10557 18.56 101.6
| _ 86.9] 33.7
77 224,0 176,0 10762 17.98 TE.2
68.0] 34.2
97 207.7 166.0 10942 17.30 61.6
5Te3| 34.7
113 196.0 | 157.0} 11076 | 16.68 53.6
49,61 35.7
133 182,65 148,0 11233 §.15,81 46,2
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Varlation of Temperature and Dimensionless

Parameters with X/D Ratio
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Run No. 38 Barometric Pressure -29. 64"Hg
Ambient Alr Temperature -79,0°F
Inlet Air Temperature -500.50F
Mass Flow -126.57 1bs/hr
: N N N
t t, GR GZ Nu
%/p | B N NRE, %5 | ez,
F F x10 (x 4+ ax/2)
0 500.5 | 450.0 9933 | 16.27
4 488,0 323,41 10032 16,53} 1342,0
771.8| 23.0
10 | 473.8 | 285.0| 10148 | 16.82| 543.5 ! ’
343,81 25,0
22 445,7 | 306,0| 10383 | 17.39 | 253.1 >
4 208,31 32.9
32 423,0 315,8 10582 17.83 177.5
154,81 33.6
42 403,8 302,51 10755 18.17 137.6
118,71 33.1
56.5] 378.5 283,6 | 10993 | 18.58 | 104.7
89.8] 30.3
77 348,9 262,01 11286 { 18.96 79.0
T0e9 | 3340
97 321,0 242,0 11576 19,18 64,5
60.2} 37.8
113 208,.2 225.5 11824 19.24 56.6
52.7| 41.5
133 271.8 213,0 12125 }.19.10 49,4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




178

Table A ~ 39
Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No., 39 Barometric Pressure - 29,45"Hg
Ambient Alr Temperature - 78,0°F
Inlet Alr Temperature - jﬁlo.ooF
Mass Flow - 130,06 1ps/hr
” :m zw - NGRf_B gz Noz My
F F %107 (x4 Ax/2)
0 210,0 | 286,00} 12039 19.10 5262.0 | 76.9
4 302,5 | 218,0{ 12089 19,11} 1634.5 957.8 | 27.2
10 295,0 | 199.5) 12177 19,11} 659.0 wib.7 | 2604
22 282.8 | 215.5) 12328 19.07| 303.6 018.6 | 29.8
e 274.0 215.0] 12442 19.00 210,8 18%.1 35. 5
4o 264.5 | 208.5{ 12535 18.92| 161.9 130.2 | 40.5
56,5 250.0 198.5} 12714 18.70 122.3 104.6 | 43.0
77 231,0 | 186.5} 12952 | 18.26] 9L.6} g1 | 40,7
97 216,0 | 177.0f 13149 17.75 73.9 68.7 | 42.2
113 205,0 169.,0f 13315 l7.22 64.3 59.5 42.6
133 192,5 | 160.0f 13496} _ 16.53 55.5
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Variation of Temperature and Dimensionless

Parameters with X/D Ratlo
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Run No. 40 Barometric Pressure -29.42"Hg
Ambilent Ailr Temperature ~82.OOF
Inlet Air Temperature ~504, O°F
Mass Flow -152,60 1bs/hr
Nar NGZ NNu
x/p | ‘m S NrE X | Nez
0 o X | x10™5 x
F F (x 4+ Ax/2)
0 504,0 450,0 11981 15,84
3213.,0] 66.9
4 490,0 330.0 12072 16,03 1615.4
, 926.0] 31.5
10 475,0 306.5 12146 16.18 650.3
411,33} 27.0
22 453%,0 336.0 12425 16.73 302.7
' 248,9] 34.9
32 T 435,0 2331.0 12643 17.12 212,0
184,6] 38,0
42 417,0 315,0 12814 17.40 163.8
141.,2] 38.3
56.5| 392.5 209.0 13079 17.80 124, 4
106,29} 40.6
77 360.0 276.0 13458 18.24 94,1
84, 4] 42,2
97 332,0 260,5 13785 18.49 76.7
71.6] 42,4
113 312,0 242.0 14070 18.59 67e3
62,61 41.5
133 290,90 230,0 14383 I 18,56 58,6
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Table A - 41
Variation of Temperature and Dimenslonless

Parameters with X/D Ratio

Run No, 41 Barometric Fressure «29.50"Hg

Ambient Alr Temperature =81l.0°F

Inlet Air Temperature =306, 0°F
Mass Flow 150,65 1lbs/hr
N N N
t, t, GR GZ Nu
X/D m w | Npg_ * | Nggz
o 0 x1072 X
F F (x + Aax/2)
0] 306,0 280,01} 13971 18.82
378T«3| 5749
4 300.8 218.5 14039 18.811 1898.6
10 294,0 206.8 14129 18.80 T64eT ‘
481.51 41.1
22 279.6 223.5 14324 18.73 352,8
‘ 289,0| 45.0
32 270.0 220,0 14457 18,63 245,0
' 212,81 41,0
42 | 262.0 214,0 14570 18.53 188.3
161.6| 44,3
56.5] 250.2 205,0 14739 18.32 141.,7
121.1] 51.3
77 | 233.0 | 194.0] 14993 | 17,88 106.0
94,5 48,7
ST 219.2 184.0 15203 17.41 85.4
T9.4 | 48,9
113 209.2 | 176.5| 15359 | 16.98 74,2
68.6| 50.2
133 197.5 167.61 15546 | 16.37 63.9
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Varlatlon of Temperature and Dimenslonless

Parameters with X/D Ratlo
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Run No,. 42

Barometric Presgure -

Ambient Alr Temperature

Inlet Air Temperature -

Mass Flow

29.68"1g
86, 0°F

508, 0°F

178.31 lvbs/hr

N N N,
% %, GR, GZ Nu
X/p | B v YRE_ % | Nez,
0 508,0 | 450,0] 13912 | 15,69
2T42,3) T6.4
4 494,1 | 335,41 14065 | 15.96] 1881.9
1078.,2} 15.4
10 487,8 | 318,51 14136 | 16.08| 7567
| LTT.T| 344
22 46%,7 | 348.5| 14414 | 16.55| 351.0
* 288.31 41.6
52 445,5 | 344,01 146370 | 16.89 | 245,11
213,61} 43.3
42 428.3 | 330,01} 14841 | 17.19 | 189.6
163,31 41.1
56.5f 406,0 | 312,5) 15124 | 17.56 | 143.8
123,41 44,0
7 375.8 | 293,51 15524 | 17,99 | 108.5
) 97.2| 45.4
97 349,4 | 275,01 15892 | 18.27 88,3
) 82,41 45,5
113 33065 262,0 16182 18,41 TTeS
TL.T7] 43.9
133 310,0 | 247.5 | 16453 | 18,45 6669
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Variatlon of Temperature and Dimenslonless

Parameters with X/D Ratio

Run No. 43% Barometric Pressure -29.37“Hg
Ambilent Alr Temperature -84,0°F
Inlet Air Temperature -305,0°F
Mass Flow -174,.04 lbs/hr
, N N .. N
t 1, GR GZ Nu
X/D Om b NREX f5 NGZX
F Op x10 (x+ Ax/2)
0 305.0 286.0 16155 18,30
4382.4 | 99.1
4 298, 6 227.5 16252 18.29 | 2198,.4
. 1259,8 | 36.6
10 293,0 220.8 16339 18.27 884, 4
555.8 ] 38.
22 283,0 232.,5 16494 18.21 406, 2 3945
' \ 332,3 | 4T.4
32 275.0 229,0 16621 18,14 281, 6
244,611 47,7
42 267.0 223,0 16758 18.03 216.5
: 185.5 | 45.1
138.5| 45,6
77 | 24,0 | 202,0| 17132 | 17.56 | 121.0
107.8 | 47.2
97 231.3 | 193.0} 17350 | 17.23 97.4
90,4 47,6
113 222.0 186.5 17514 16.90 84,5
78.1 | 46,9
133 | 211.7 | 180.0 17699 | 16.46 | 72.6
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Table A = 44
Variatlion of Temperature and Dimenslonless

Parameters with X/D Ratilo

Run No, 44 Barometric Pressure - 29, 66"Hg

Ambient Alr Temperature -84,0°F

Inlet Air Temperature -502, 0°F
Mass Flow -202,73 1bs/hr
Ng Naz Ny
X/D tm tw NRE GRK NGZ
(o] Q X xlo"“S X
F F (x 4+ Ax/2)
0] 502.0 450,.0 15892 15,92
‘ 4275.7) 91.8
4 488,2 335.5 16067 16.19 | 2150,2
: 1233,3| 26.5
10 479.5 331.0 16179 16.37 866.4
546.5| 40.8
22 457, 6 357.0 16469 16.79 401.2
~ 328,8| 39.0
32 444,0 347.4 16654 17,05 279.1
243,21 52.9
42 426,5 333.61 16899 17.37 215.9
186.,1] 55.9
56,5 402,3 321,0 17249 17.78 164,0
140,71} 55.1
77 37367 303.7 17683 18.19 123,6
110,.7{ 58.2
97 348,7 287.2 18080 18.46 | 100.5
93.6| 58.9
113 331,0 275.01 18380 18. 60 87.8
81.5} 56.5
133 311.8 259.5 18727 | 18.66 76.1
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Variation of Temperature and Dimensionless

Parameters with X/D Ratio

Run No, 45 Barometric Pressure -29,24"Hg
Amblent Alr Temperature -85, 0°F
Inlet Air Temperature =308, O°F
Mass Flow -193.26 1lbs/hr
N N N
t, t GR GZ Nu
X/p | ™ w | NRE_ X1 Yoz
o Op x10™- x
F 3 (x 4+ Ax/2)
308.0 | 286.01 17889 18.02
4846,0) 66,7
4 303.9 231,0 17958 18,021 2428,0
1391.6] 42.4
10 | 298.0 | 227.0| 18057 | 18.01| 977.1 |
614,11 47.9
22 286.9 237.0 18248 17.95 49,2
. 367.8] 61.5
32 277.T7 | 233.0| 18409 17.88} 311.8
. 270.7| 56.0
42 270.,0 227.0 18546 17.79 23945
205,41 54.9
153,41 54,7
7 246,0 | 208,01} 18986 | 17.35| 134.0
~ ? 119.5] 57.9
9 233, 8. 192 . 1o7.
T 3%.2 | 198.0 9230 | 16,99 79 100.2| 62.6
113 23, 191.5 | 19424 | 16, .
G23.2 | 191.5) 1932 Sl 22T se.6| 2.3
133 212,.5 186.0 19637 |.16.19 80.5
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Varliation of Temperature and Dimensionless

Parameters with X/D Ratlo
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Run No, 46 Barometric Pressure - 29.30"Hg
Ambient Air Temperature - 86,0°F
Inlet Air Temperature - 510, 0°F
Mass Flow - 227,05 1lbs/hr
N N N
" % GR GZ Nu
XD | = W NRE, % | Moz,
F °F x10 (x4 Ax/2)
o] 510.0 | 465,0} 17686 15,25
4759,5] 128.4
4 495.,0 | 358.8} 17897 15.54 1 2394.5 '
1271.4| 20.5
10 | 489.6 | 357.0| 17974 15.64 | 962.1
606. 7| 47.9
22 468.4 | 373,01 18283 16,04 | 445,2
‘ 265,11 52.4
270.3| 55.4
42 | 437,7 | 351,01} 18784 | 16.64 | 240.0
. ' 206, 2 52.6
5665 417.9 33T7.0 | 19064 17.93 | 181.2
’ 185.2] 56.5
77 291.2 220.,0 | 19504 17.33 | 136,2
121.7 59,0
97 3675 | 303.,0 ¢ 19877 17.61 | 110.3
. ' 102.8 62.5
113 349,5 290,0 | 20225 17.81 96,5
89.5| 62.6
133 329,5 | 277.0 ] 20604 | 17.94 83.6
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Variation of Temperature and Dimenslonless

Parameters with X/D Ratio
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Run No, 47 . Barometric Pressure ~29.29"Hg
Anblent Alr Temperature - 82,0°F
Inlet Alr Temperature - 495,0°F
Mass Flow ~76,58 1lbs/hr
N N N,
t t, GR GZ nu
X/D m W Npe_ X | Ngz
- o o x10™2 X
¥ F (x 4+ Aax/2)
0 495.0 430,0 6036 15,79
1638,0 751
4 461.,5 293.8 6201 16,45 830.7
. 478,5 21.5
10 440,0 | 252,04} 6296 16.80 | 337.6
214.9 19.68
22 402,1 240,5 6517 17.51 159.2
: 130.7 12,0
32 385.5 | 233.8| 6611 17.76 1 111,1
96.7| '11l.5
42 370,.8 232,0 6697 17.96 85,8
56.5] 345.0 | 249.,2 6861 18.25 65.5
5643 21,6
77 31045 220, 0 7072 18,43 49,6
44,7 23.7
a7 278.5 201.8 7289 18,32 40,7
: 38,1 25.6
113 254,9 185.0 7458 18,01 35.8
33.41 25.1
133 230,0 | 170.,0 | 7636 | 17.42 31.3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table A - 48

187

Variation of Temperature and Dimensionless

Paraneters with X/D Ratio

Run No, 48 Barometric Pressure -29.60"Hg
Amblent Air Teumperature ~81,0°F
Inlet Air Temperature ~495,00F
Mass Flow ~76.36 1lbs/hr
N N . N
t t GR, GZ Nu
X/D m N NgE | Moz,
°r F x10 (x 4+ Ax/2)
0 495,0 { 421.,0 6019 | 16.20
1630.9 | 61.8
4 465.0 | 287.0 6166 | 16.81 825.9
4T76.T | 22,2
10 441,51 245,0 6286 | 1T7.27 | 337.1
214,1 1 17.7
22 405.5 233.0 6479 17.91 158,2
: 130.,0 112.3%
32 387.0 224,0 6583 18.21 1l0.6
96,6 | 15.2
42 %65.5 | 207.0| 6709 |18.51 86.0
T4e3 | 16.5
56.5] 337.5 223.0 6379 18.80 5.7
56.9 | 2645
77 290,5 | 196.0f 7185 | 18.92 50.5
45,5 1 25.4
97 255,5 | 176.0] T432 | 18.55 41,6
' 38,9 | 25.4
113 232.0 1€1.0 7607 17.97 36.6
24,1 | 26.3
133 20T7.0 | 151.0] 7803 | 16.99 32.0
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APPENDIX B
DEFINITIONS AND EVALUATION OF DIMENSIONLESS
PARAMETERS

The purpose of thils appendix is 1o provide the reader
the definitions and method of evaluation of some measured
quantitles and varlous dlmensionless parameters encoun-

tered in this study.

a. Mean wall temperature, t,

Mean wall temperature at any particular station slong
the pipe refers to the mean temperature of the clrcumfer-
ence at that positlon. At every statlon the temperature
of the top, side and bottom of the pipe wall was measured

and the mean wall temperature tw was evaluated as:

t, = <t‘oop +2%5190 + Photton )

4» /

b. Mean fluld temperature, ty

This 1s the mean fluid temperature over a cross-sec-
tion area of the pipe and 1s determined from the tempera-
ture profiles across the vertical and horizontal diameters.

2

where

tmy = Mean fluld temperature on the vertical diameter,
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tuH = Mean fluid temperature on the horizontal dia-
netexr,

and

R
t. . or t - 2 '5
nv mH -~ e
Rg trI'dI‘
o]

Figure B-l represents a typical pipe section

Fig. B~1l
X X4+ L%
t’ml | t’mg
twl twa

tml and. tyq are the mean fluid and mean wall temperatures
at x.

tm2 and ty, are the mean fluid and mean wall temperatures
at (x+0x),

and w is the mass flow (lbs./hr.).

c. Nusselt number, NNux

The Nusselt number between any two consecutive sta-
" tions was conslidered as the local nusselt number and is

gilven by
- hD
NNUX - "E'
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where the film coefficient, h is glven by
S v
where
FAY A (tml-i-tmg)/g - (twl+t\vg)/2
and
q = WCy(tmp-tmp)
Therefore

NNuX - 1,.1...,].)_. = ch(tml“tmg)n
A kKA

C, and k are evaluated at'(tml+tm2)/2.

d. Mean Nusselt number, Nyyu,

The average or mean Nueselt number was evaluated by
the following equation: |

L :
Nyuy, = % ,SNNuX dx

0
e. Grashof num?er, Ner

The'Grashof number at any position X was defined by

Ngp, = D7 P3.epat
2
M
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&t = (tmy=to) (°R or °F)

*f& and ﬁk are the properties of alr evaluated at tmx.

f. Reynolds number, NRQX

The Reynolds number at any position x was deflined as:

[

where

f%v fﬁx and Ux are determined at tmx.

g« Prandtl number, Nyrx

The Prandtl number was defined as ¢
NPrx :_Sﬁﬁi“
k

It is assumed to constant at 0.71 (for air).

h. Graetz number, NGZX-

The Graetz number at any éosition was evaluated by
the following equation
Nazy = Wopx
KyX
X 1s the length of the pipe from the entrance to the
positlon where Graetz number ls to be evaluated; Cpy and

Kx are evaluated at tmx.
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In the appendix A, two values of Graeitz number are
given,'one at (x+Ax) and the other at (x+Ax), They are to
2
be used for the plot of local Nusselt number and mean

Nusselt number va., Graetz number,
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