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ABSTRACT

The object of this research was to experimentally
investigate the non~isothermal flow of air in a vertical
pipe in a constant temperature environment. This investigation
was mainly concernsd with the heat transfer characteristics,
the development of velocity profile, and the wall temperature
variation., The experiments were conducted at various flow
rates (NRei<\4000) and various inlet temperatures (ti<j700°F).
The ma jor part of tﬁe investigation was for low flow rates
(Nge3;< 2000) and low inlet temperatures (t;{200°F). The
effect on the flow of small temperature differences (tj-tg)
was also studied and it was found that even a few degrees
difference between inside and ambient would result in a form
~of turbulent flow at Reynolds numbers as low as 1000, The
_non-isothermal velocity ratio (umax/ G ) was studied for
Reynold’s' numbers between 1000~-4000, The buoyancy effects tended
to elongate the veldcity profile and in some cases the
velocity ratio was foundvto exceed the parabolic isothermal
ratio of 2,0 in the range -Nge3{2000 . The wa2ll temperature
was a function of tj, ty, Ng,y, L and D. A correlation
between ty and these five variables was determined., Local
Nusselt number decreased as L/D ratio increased as expected,
and increased with tp/ty in the range of Reynolds numbers
tested. The mean ¢nd the lccal Nusselt nunbers were found to
be higher than the values given by Kays, Graetz, Haussn ani

others,
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NOTATION

A Surface arez of pipe, L2
- C Calibration constant for hot-wire

Cp Specific heat at constant pressure, 1.2 /6%t

Cy Specific heat at constant volume, L2/e2t

a Sectional position measured from the wall of tﬁe

pipe, L

D Diameter of pipe, L

f Functional relation

g Acceleration due to gravity, L/62

h Film coefficient, M/03t

I, Current in hot wire, milliamperes (velocity = 0 f.p.s.)
I Current in hot wire, milliamperes (velocity = u f.p.s.)
K Thermal conductivity of air, M L/€3t

-L Length of pipe, L

P Pressure per unit area, M/LE2.

a Rate of heét tranéfer to or from the pipe wall, M/L263
Tr. Radial distance measured from centre of the pipe, L

R | Radius of pipe, L

R Perfect gas constant, Lz/tze

u  Axial velocity component, L/e

U Averzge velocity, L/6

ct

Temperature in dezgrees PFahrenhiet, t

T Temperature in degrees absolute

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



M

i
Mass flow rate, M/@

Axial distance measured from entrance of the pipe, L

2
Grashof number - £ D3 gRAT
W Cp ‘£ 5
Is =z = J Red
Graetz number T L . NRe, Npr. =
Nusselt number = QKD
Peclet number = Npe, Npr
Cp Ul
Prandtl number = _%%_
U
Reynolds number = L? P
- 1 1
Coefficient of thermal exnansion = — , —
To ¢t

Absolute viscosity, M/Le

Kinematic viscosity, Lz/e

Difference between the bulk mean and wall temperatures
Density, mass pegﬁnit volume, M/L3

Length, feet

Mass, pounds

Temperature, fahrenheit degrees

Time, seconds

Subscripts.

Bulk mean, Evaluated at bulk mean temperature
Basad on diameter

at inlet or Entrance

Distance L from the entrance

Mean

Ambient
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iy Condition at radius r

W Condition at wall

X Condition at distance x from the entrance

mb Properties to be evaluated at the arithmetic

mean of the bulk mean temperatures at inlet and
exit of the pipe
Im besed on log meantemperature difference

C.L Centre line

Number within brackets indicate the reference
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CHAPTER 1

INTRODUCTION

Attempts have been made iﬁ the past to study the heat
transfer between the inner sprfabe of a pipe and a gas-fiowing
through it under steady state conditions. Most of the
theoretical and experimental work done so far can be grouped
under the following thermal boundary conditions and/or
assumptions,

1. Uniform wall temperature;

2. Linear variation of wall temperature with lengtn.
3. Uniform wall heat flux,

Ly, Prescribed wall heat flux.

5. Constant fluid to wall tempevrature difference.

These thermal boundary conditions have beeh studied with
the following flow conditions,

a, Fully developed velocity profile at the entrancebof
the heat transfer section.

b. Simultaneous development of velocity and tempsrature
profiles..

These thermal and flow conditions have besn further
studied assuming (i) constant fluid properties, i.é., fluid
properties not varying with temperature (ii) variable fluid
properties.

The variation of fluid and wsll temperaturs with L/D

ratio for typical thermal boundary conditions, namely,

constant wall temperature, constant heat flux per unit lenzth

sk
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of.tube and constant fluid to wall temperaﬁure difference are
shown in figure 1,

The.present investigation was undertaken to study.the
non-isothermsl flow of air in a vertical pipe. Air was heated
before entering the pipe and was cooled as it flowed upward
losing its heat fé phe pipe wall and to the ambient air. The

.émbient aif'surrounding the pipe was assumed to be at a
constant and uniform temperature for a given test,.

The following Were investigated:

.1, the velocity profile development

2, the wall temperature variation

3. the inside film coefficient of heat transfer

This problem involved combined forced and free convection
where the'entering temperature and velocity profiles were flat.
For air (Nprtf0.7) the temperature and veloéity profiles
develop al nearly the same rate (16).

The true boundary condition for internal flow in a pipe
is the temperature of the wall, Since constant ambient
temperature was chosen as the reference it was used as a
secondary boundary condition. In the earlier work sﬁfficient
data weve not available to develop an empiricsl correlacion
for determining wa2ll temperature. The results of this work
along with the results of the previous investjgators'have
made possible the derivation of an expression for wall
temperature which is the true boundary condition, It is now
possible to predict the wall_temperature of a verticsl pipe
with air being cooled as it flows upwards in constant

temperature surroundings,
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- No theoretical analysis of the present problém is yet
available, The heat flux and wall temperatire
decrease as L/D ratio inoreases. At large values of L/D the
fluid temperature, the wall temperature, and the ambient
temperature tend to become equal,

Interest in the study of laminar flow heat transfer has
arisen mainly in connection with heat exchanger applicatidns
inﬁplviﬁg 0il, More recently this study has gained additional
ihportaﬁce because of its utility in atomic reactors, boilers
etc;} where natural couvection affects the circulation of
coolants. Many situvations can be conceived where a tube or
pipe cérries a hot gas thfough an essentially constant
temperature environment. The specific practical application
which initisted this study was the flow of hot gases up a
chimney. For a realistic design, thz heat transfer data and
the flow behaviour must be known, This heat transfer
information is also essential where heat recovery is desirable

as for example in vertical stacks.
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CHAPTER 2
.LITERATURE SURVEY

The problems assoclated with the study of heat
transfer, development of temperature and velobity
profiles and the effect of other factors on fluid flow
have been treated in numerous publications over the past
100 years. Although much research has been done for
non~isothermal flow of air in vertical pipes, the boundary
condifions varied considerably and very little information
is available for up-flow with cooling. The common
conditions under which analytical and experimental
investigations have besen méde are given in Chapter 1,
Due to the many variables to be considered there does
not seem to be one solution to cover this complex problem.

The purpose of this chapter is to present and discuss
the results of some previous investigations which are
related to theApresent work. '
2.1 GRAETZ ANALYSIS

Graetz (14) in 1885 predicted analytically for the
first time the heat transfer characteristics for a
laminar flow of a fluid in a tube.. He obtained the
temperature profile ard the heat transfer coefficients
for the constant and uniform wall temperaturé case.
The results vicre in the form of an infinite series the
first three terms of which were evalﬁated. His calculations

were based on the following assumptions:-

L
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1., The temperature and the velocity profiles of the
fluid were symmetric about the tube axis.'

2. The velocity'profile was fully developed i,e.,
parabolic, at ths entrance and throughcut the test seﬁtion.
3. The physical properties of the fluid remained constant
throughout the test section. |

L, The temperature of the inside surface of the tube was
constant for the heating or the cooling of the fluid,

at tranfer occured entirely by heat conduction,

(O]

5. H

-3

nis pioneering work has been loocked at very minutely
. by the later authors and some of the theoretical
aséumptions nade by Graetz have eithef been modified or
discarded,
Hausen (7) suggested the following equation as én
empirical representation of the Graetz solution for

constant wall temperature and a parabolic velocity profile:

Nge. Np, ]
0.0668 -+ -——"L/—D——-
Nywum = 366+ — - (1)
' Nre - Npy /3
1+O'O45 ”—%——

The fluid properties were evaluated at bulk mean
temperature, Nyum approached a limiting value as L/D
became large.

2,2 LFrECT OF VARIABLE FLUID PROPERTIES

Keevil and McAdams (17) after an experimental study

®

involving laminar flow of oil found that viscoszity was

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



. an importaﬁt factor when the fluid was being heated or
cooled. They coﬁcluded that in thé‘presehce of heat
transfer the velocity profile was distorted because qf
the changes in viscosgity. |
Taking into consideration the change of viscosity '
with temperature, Seider and Tate (25) suggeSted the
following emplrical equation for botﬁ cobling and heating
of viscous liguids,
(Y¥Num I mb = 1,86 (Npe)1/3 (D/L) (4%225-)0'1h -(2)

1/3 'Mm'b 0.1L

2,02 (Ng,) (=g ~(3)

"

Equation (2) gave results close to thoserf the
Graoetz solution, Their analysis was for constant wéll
temperature using oil as a2 fluid but natural convection
effects were neglected.

Yamagata (30)- considered variable properties ﬁhen
he published his analytical study.on gaseé and found
that the distortion of the parabolic velocity profile
was reversed from that of the liguid when the gas was
heated or cooled, due to the variation of viscosity with
temperature.

The correction fact&r for viscosity change in
eguation (3) is mainly for liquid at modérate temperature
differences between ty and tp,. For gases, Kays and London
(14) have used anothar correction factor (Tmb/Tw)n, where

n=0,0% for cooling inside a tube and n=0.25 for heating.
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beissler (3.4) analytically investigated fully
developed laminar and turbulent flow of gases and of
liguid metal in tubes with heat transfer éonsidering
fluid properties as vafiéble alogg the raduis, Natural
convection was not c&nsidered. Relations wére obtained'
to preﬁict the radisl velocity and tempefature
distributions.  These relations were appiicable to both
heating and cooling of the fluid. Laminar Nuséelt number
was found to be independent of the Reyholds and Prandtl
numbers, Whereas turbulent Nusselt number was dependent
on both, The effect of Ty/Ty on Nusselt numﬁer was
eliminated by evaluating the fluid properties at various
temperatures in the fluid, For turbulent flow he suggested
20;5 and for laminar flow T_o.é7as the temperatures at

which the properties should be evaluated. These are

given by:
T_g,27 = =0:27 (Ty = Tp)+ Tp, - (LAMINAR) -~ (¥)
T.0.5 = -0.5 (T = Ty)+ Ty, - (TURBULENT) .- (5)-

- He also stafed that variation of.viscosity across
the tubes for laminar flow of gases caused a sharpening
of the peak of the velocity and temperature brofiles at
the centre of the tube for heat addition to the gas,
and flattening of these profiles for heat extraction.

This was confirmed by Pigford (23).
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Deiséler (5) analysed, numerically, developing laminar
flow with heat itransfer for Helium gas, Both axial and
radial property variations were considered. The heat
flux at the wall was assumed to be constant. The initial
velocity and temperature profiies were assumed to‘be flaf.

The Nusselt number Navub was found to be a function of

(L/D)/(¥Reb)liocals 2'» My and Npp.y where

q' = qrw/T]Ki and
- c 3
Moo= uy/( (ZE).R'.Ty) ® -~ (6)
Cy

He compared the results for this gquasi developed
region with those from a previous analysié which considered
the radial variafion of probertieg but negleoted‘axial
effects and radial flow. The comparison showed thét
axial effects and radisl flow have but a slight effect

on the heat transter results.

Test (27) mzde an analyticél and experimental
investigation of laminar flow with~heat transfer in a
Yertical pipe, considering temperature dependent viscosity.
He found that for liguids, the effect of wall temperature
on local Nusselt number was almost negligible for the
case of heating but significaﬂt for the case of cooling.
This indicated that s local Nusselt number correlation
should be different for heating than for cooling. He

suzgested the following correlation for the local Nusselt
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. : . U n ' . ' .
(Myux) () = 1.% (Ngep. Iﬂprb;?)-)/s —-(7)

b/ub & .
where

n

1l

0.05 for heating
n = 1/3 for cooling ' o -
2.3 COMBINED FREE AND FORCED CONVECTION |
The fluild velocities associated with laminar motion
are small; the heat transfer characteristiscs may be
substantiéily affected by the buoyancy forces ahd the
resulting Qelpcity fiéids. Under such condition; Grashof
-nﬁmber enters into the problem. The effect of free
convection on ﬁeat transfer has been taken into account
by some of the authors mentioned below.
The literature pertaining to combined forced aﬁd
free convection was of greét interest because the present
study involved forced and-fréé convection in the range of low
- Reynolds numbers, Martinelli and Boéiter (20) presented
' pfedictions for such a system, They analytically
dbnsidered a uniform wall temperature case with fluids
being heated flowing vertically upwards and fluids being
cooledA}lowing vertically downwards. In both cases the
velécity near the wall was increased by the buoyant.
forces 6wing to the difference in densities caused by the
difference in temperaturgs. Dénsity was taken as a linear
function of temperature with other physical properties
being considered constant, Théy arrived at the following

dimensionless relation,
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(haD)/K

-

Niya

V] )

. % ; . n
1.75 Fy (. %EEE + 0,0722 Fp(Ngr.Np..D/L)y
. b, - : . . T

S

W=

It

.»1375«F1 ( Nggz, + 0.0722 Fp{Ngy.Np..D/L)y ) o)

.The‘Nusselt number.NNvua is deterﬁined in terms of
the arithmetic mean temperature difference (the arithmetic
average of initial and final values of‘[&t). The factors
Fy and Fp are functions of Ny,,/Ng,p, and the exponent
n was computed to bs 0,75. |

Pigfofd (23) aiso analytically treated combined -
forced and-free convection in a vertical tube, allowsnce
being made for the effect of temperature on viscosity
and density. He calculated the formulas which are valid
for shorﬁ_tubes and high rates of flow ﬁhen,the'centre
linevtemperature does not change appreciably. Like
Martinelli'and Boelter, Pigford expressed fhe arithmetic
averaée Nuséelt nﬁmber as a function of Graetz number,
Grashof-Prandtl product and the ratio of fluid viscosity
at the:wall to that at the avefége bulk fluid temperature
as an additional parameter, '

Jackson, larfison and Botelér (15) also studied the
combined forced and free éonvection for a vertical heated

tube (constant wall temperature). Their experimental
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data was in disagreement with Martinelli's théoretioal
equation and they suggested
D 0.2
. R . D '|
Nyym = 1-128. (Nge NRr_;Z + (3.og§NGr. Npp, 7 Npp) )
- . S ===(9)

where NRe NPr. %%1.isveva1uated for the length of the
heated sectlon cons1dered and L is the 1ength of the
total heated section, Mean Nusselt number Nyum is based
on the log-mean temp°rature dlfference (b;tgm) If the
velocity profile is flat at the entrance and the free
convection effects are negligible,the. heat transfer

' equatioﬁ is A | |
NNU.m = 1.27 (VGZ)% _ '- : o "'--(10) .

The authors also state that free convection forces
are functions of the total tube length and the res1stance
to flow for the Whole‘SYSteﬁ; hence it shoqld be calculatéd
on the basis of the total tube length. |
More recently Brown and Gauvin (1) studied in detail

the Héat trsnsfer characteristics of air flowing upwards
(buoyancy forces alding the flow) and with air flow1ng .
downwards (buoyancy forces opp081ng the flow)., The
analysis was done for constant heat.flux at.tho wall

for a fully developed flow whehhthe air was being heated.
Constant physical properties exce?t for the density in

the buoyancy force term were assumed, . For laminar aiding

flow they were able to correlate the local Nusselt
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number with ( Ngp/Nge ) which is
| . ' 0.38 |
Mg = 0.931 ( (Nggp)p/ Ngg )°072°7 ~-c (11)
It agreed well with the laminar aidiné data of
Hallman (11,12)'and Brown (2)., For turbulent flow the
local Nusselt number wWas correlated with Grashbf number

independently of the axial position,

.Hailmén (11,12) suggested the following equation to
determine the point of transitioﬁ to a fluétuating type
of flow, The transitioﬁ point was defined as that point
at which the wall témperature in the test sectioﬁ began

to show random fluctuations.

( (Ngp)p(Npp) ) = 9470 ( (Nae)(Npp)/p(p/py) 83 -=- (12)
' He compared the equation with thé observations of

Scheéle;,Bosen.and Hanrétty (24) and found that their
results =1ndicatedbthat turbulence ﬁould begin af lower
values of (Ndr)ﬁ.(NPr) thén thosé prédicted from this
equation, On éomparison of their own data alongwith
those of other authors mentioned above, Brown and Gauvin
concluded that the 1ocation of the point'of transition
is not well established., The largest variation is caused "
by the magnitude of thé initial turbulence, either
ekisting in the entering flow or initiated by wall

. ‘roughness etc., but thée transition point is definitely

a function of Reynolds and Rayleigh numbers and length
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to diameter ratio.

2,4, SIMULTANECUS DEVELOPMENT OF VELOCITY AND TEMPERATURE

PROFILES.

Kays (16) provided a numerical solution for laminar
flow heat transfer in circular tubes with both temperaﬁure
and velocity profiles vniform at fhe entrance, The |
§olution of Langhaar (7) was employed to provide the
velocity brofiles. All of the golutions and experimeﬁtal
data are presented in the form of eithef local or mean
Nusselt number as a function of a modified Graetz number
(NRe x NPr)/(L/D). The following equations were suggested
jfor fhe Nusselt number based on (tp=ty).

For constant wall temperatﬁre, and Langhaar valocity

profiies

Npo.N
0,014 x(—5§7525)

Nyum = 3;66 + -—- (13)

' NRe.Np
] z A2« Ty
1 % 0.0lox(————‘ /D’

For constant temperature difference, and Langhaar
velocity profile
T/5

e Nz 0.8
L/D

0.10 x(
e (14)

Vyum = .36 «

0,015%(

1
+

For constant heat input, and Langhaar velocity

profile

e “
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. : Npe.Npr
, 0.036 x (——7r——)
Nygy + 4.36 + - --=(15)

N
1 + 0,0011x( RE/DPT)

Urichson and Schmitz (28) studied the simultaneous
developmént'of températuré-and velocity profiles in laminar
flow for the cases of constant héat'flux and.constant Wéil
temperature, They included the radial cdmponent.of'velocity
in the analyuls ln the entrance reglon and thus improved
upon_the_earller work by Kays. The inclusilon of radial
éomponent.of-velooity caused a significant decresase in

the local Nusselt number from that obtained by Kays.

' Lawrence and Chato (19) investigated the heat
transfer effects on the.dévéloping laminar flow inside
vertical tgbes. These experimeﬁts were conducted with,
water and a numerical method was deﬁeloped for the cases
‘of upflow or downflow and constant wzall temperature and
constant heat flux so as to predict the developing veloc1ty
and temperature proflles, the heat transfer cnqLacteristlcs,
the pressure drop and the transition to turbulent flow,
Nonlinear vériatipn of both density and viscosity were
coﬁsidéred. Their theoretical solutions verified by
eiperimsnfal measurements show that for uniform héating
with a'real fluid in a vertical tube veidcityvand
tehperature profiles never become fully developed. The

experimental measurements suggest that the transition

. ct

process depends upon the developing veleocity profiles,
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_ For.a constant heat flux case transitipn from laminar to
turﬁulent flow will always occur abt some axial distance,

' ié the fgbe is long enéugh. For a given entrance condition,
the distance to the point of transition is fixed by thé fluid

fiow rate and the wall heat flux.

McMordie and Emery (22) give a numerical method of"
‘calculatingnthe local.Nﬁéselt number for laminar flow in
.circulér'tubes witﬁ axial conduction, radial convection
and-simultaneously devéloping thermél and velécity fields.
The radial convection is important only in the entrance
region where Nge Npp D/X);lOOO. Since for 1aminér flow
NRe<2300 we have that X/D <23 Npp. For air radial '
'cohvection is important only‘for the first few diaﬁeters
from the entfanoe; Keys had neglected this term in his
analyéis and his reéuits_for the Nusselt numbers were
loWer by less than 5%. Axisl conduction is important for
fluids with high conductivities, which again implies low
Prandtl number fluids (a2ir=0.7). The analysis by
McMordie and Emery is for ponstant’heét flux at the wall,
The local Nusselt numbers have lower values than the |
numerical values.of Kays but eoiﬁcide with the wvalues
given by Urichson and Schmitz (28), who had'cénsidéred radial

ccnvection by using Langhaar's velocity profiles,

Equations (1) and (2) assumed that heat transfer in
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velocity profiles then )/ or NPr nas to appear as an

the inlet region depends only on the product of Ngg NPr

and is therefore independent of kinematic viscosity . If

there is a simultansous development of temperature and

wrih

P
B e

independent variable since in the inlet length, visoéﬁé
and inertia forces are comparzble, Taking the above facts
into account Elser (7) in 1952 obtained the'folldwing'

expression for simultaneously developing profiles,

Local Nusselt number = Ny,y = h D

K

0.289 (Npo)*S(p) /(01105 - (26)

Mean Nusselt number over a length L from the pipe inlet

is givén by
.~ nD .
Nyug = -’R“-—= 0.578 (Nge)®*3 Npy (D/L)°2 . --(17)

The heat transfer coefficient in these eguations

is based on the.temperature difference between ths wall

and the core. The core is that region outside the

thermal boundary layer where the temﬁerature profile is

unaffected by the developing boundary lsyer, Reynolds

number is based on the mean fluid velocity,

2.5 COOLING
Very few authors have studied the heat transfer .
characteristics when the gas is being coocled, Zellnik

and Churchil (31) are two, who evaluated the effect of

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



17

increasing air tembéfatures on the local héat.transfer
- in the inlet region. A uniform wall temperature, turbulent
flow and'a flat velocity profile at the iniet were chosen
as reference coﬁditions. Air entered the tube with a flét
velocity and temperéture profile at temperatufes.frdn{§ﬁ
480 to 2000° F and flow rates corresponding to Resynolds
numbers 4500 to 22500, They found an increase of 1océl

Nusselt number with increase of (typ/t,) and suggested the

use of bulk temperature for evaluating the properties,

Goresh (9) ¢onsidered the problem of determining heat
losses from a gas fiowing turbuléntly‘in a poorly insulated
pipe and exposed to a uniform temperature environment,

The heat loss from the outer surface was by free convection
.and rédiation. From.the initial radial température
distribution the mean gaé temperature and wall temperature
were found for various values of'L/D.bThese were determined
in terms of.the.iﬁside £ilm coefficient and.the combined
heat transfer éoefficient on.the outside., This combined

coefficient included free convectionvand radiation,

Gulati (8) studied the effects of varisble fluid pro-
perties, He assumed tﬁat a lamdnar‘p;rabolic profile would exist
‘under isothermal conditions and used the measured temperature
profile toidetermine the new velocity profile which was dis-
torted byvbuoyancy effects. He showed that when air is cooled

in upwerd flow, the buoyancy forces predominate, resulting in
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an elongated velocity profile at the centre. He did not consider
;any radial velocity. ' .
Drobitch (6) studied the non-isothermal flow 5f air
in a vertical pipe. Using high entrance temperatures
(ti:i700°F5 and Reynolds numbers upto 8000; he conéluded that:
1)‘A non-laminar flow existed for all ndn—isothermal
runs, including those below a Reynolds number of 1000.
2) Ihe velocity profiles wére not affected by the
‘heat loss for Np,> 6000, ahd thus were similar to the
velocity profiles obtained for isothermal flow.
3) The heat trahsfer characteristics for laminar flow(N&i<200c
showed ‘agreement with the analytical results of Martenelli.
& Boelter (20) and Pigfdrd (23). The Nusselt numbers were
found to be higher than the values obtéined by Graetz (14)
for constant wall temperature and the results of Kays (16)
for .constant heat flux. The results gave the following
relationship between mean Nusselt number and the inlet

. e

Reynolds number for NRei<:4000.

Nypm & L.4 (Npey)©:? —em (18)

Vissers (29) studied in detail the isothermal and
non~-isothermal flow of air in a vertical pipe. His
findings aré_in conformity with those of Drobitch, He
concluded:

a) Four distinct regions are present in the non-

isothermal flow: .
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1) eatrance region, from entrance to maximum umax/ﬁ'

2) cooling region, Where ﬁhe velocity ratio decreases
continuously due to the cooling.

» 3) isothermal developing region, whHen * the
effect of_temperature difference has become negligible
and the velocity profile is developihg isothermally.

L) fully developed isothermel flow, which would
continmue if no disturbances are encountered.

b) Buoyancy forces haﬁ the effect éf elongating the
velocity profile.' This effeét decressed with increasing
Reynolds numbér.

d; The mean Nusselt number variation with (X/d:;)/Npe
"Was found to agree with the correiation of Hausen wﬁen
the Grashof number was between 104—-105 but the Nusselt
éumber 1ncreaséd with ﬁighef Graghof numbers,

The last three investigations are the only three

available which apply directly to the present investigation,
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CHAPTER 3

. APPARATUS AND INSTRUMENTATION

3.1 BASIC DESCRIPTION
The investigation Waslcarriéd'out in the eXperimeﬁtal
Setup shown in.figure 2. The air was supplied by a compressor,
It was paSsed.through a filter and pressure reducing valve
combination from which it entered the flow-meters. The air
was expanded into a‘diverging section before entefing the
furnace; After passing through a screen and over the heatiﬁg
elements, it passed through a second set of screens before
entering the test pipe through a'smoéth, rounded bell mouth.:
The second set ogécréens.minimized.flow irreguiarities due
to the presence of heatérs ete., and tﬁe bell mouth a;sisted
’ in'giving.a Tlat velocitj profile at the entraﬁce to the
test pipe. The dimensions of the bell mouth, the test pipe,
and the location of probing positions albng thé test pipe

are shown in figure 3.*

3.2 FLOW METERS
 The vblume of alr was controlled by valvéé and ﬁeasured

by’means.df two Brooks high accuracy flow meters. The accuracy
was within one percent.'Thé low range flowmeter was capable

' of measuring 0-3.18 8.C.F.M., and the high range from 1.0 to
10.5 S.C.F.M., at 14,7 p.s.i.a. énd 70 °F, Chromel Constantan
thermocouples were installed ih each.rotaﬁeﬁer to detefmine
the témperature of air for use in making correctiors for

density.
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3.3 FURNACE
The furnace was built for previous investigations
(6,8,29), but it was completely reconditioned and overhauled
before being put into use for the present investigations by
the authof. |
| Air from the rotametefs entered the.furnace through a
éheet mé£a1 tranéition.A wire mesh screen ﬁas installed below -
the heaters to distribute the air uniformly across the heating
elements. The elements consisted of 3 Nichrome wire electric
.heaters‘two of which were‘BQOO ﬁétts each. The third,rated at
2000 watts was connectéd to a variac to allow fine control of
‘the air temperature ieaving the furnace, To .reduce heat loss
from the furnace which would cause nonuniforﬁ'air temperaturé,
the furnace and the unit containing thé second set of screens
were covered with glass wool, 2“'thick Magnesia bricks and a
special putty. Temperature and velbcity profiles were found
to be flat to within 1/16*" of thé wall at the“entrance to the

test section.

3.4 TEST SECTION
An aluminum pipe 24° long, 0,87"'1,D., and 1.0" 0.D.
was usgd as the test section. The test pipe was made up of
two 12° lengﬁhs connepted with removable claﬁps. The shape
'andblocation of the access slots are shown in figure 3. The‘
measurement of temperatﬁres and velocities were made at

these stations,
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3.5 LEAKAGE _
"The leakage of air between the rotameter exit anq the
‘ e%tranCerﬁo the test section was reduced by sealing all the
jpints'with Devcon steel cement, Checks for leakage were made
using é'soap golution. |
The upper 12' pipe was disconnected and the flow at the
-end of-iower 12' test pipe was measured with a pitot tube,
| hot wire‘anemometer, and wet test gés meter, All the values

o agréed with the values shown by the rotameter within 2%,

3.6  VELOCITY MEASUREMENT

The air velocity in the test pipe was measﬁred by means
of a‘hot-wire anemometer. It is an- instrument which ueasures
the velocity in a fluidlstream , through:the streams cooling
effect on a very thin, electrically heated wire fiiém;nt. '
FLOW CORPOBATION,:MODEL HWB3, constant current hot '&1re
anemometer used in ﬁhe‘investigation is describedhin detail
in reference (6). |

The welyknown King's equation éiven.below does not
agree with experimental results at low velocities (1éss than
2' per second), therefore gach Wwire was calibrated -

individually between O and 15 feet per second.

- 2 2
W= ¢/P[( /15 ) = 1.0] meee- (19)
I, = The value 6f current in still alr at a temperature t,
I = The value of current at velocity u at a temperature fo
C = The calibration constant . ' 2
P = Absolute static pressure o ; /
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Vissers (29) had observed a distortion in the velocity profile
~which was eonsidered due to the °blockage effects; of the
prebe ;tself. As suggested by him, a special probe bent at
rfght,angles near the end was used for this investigation. The
hot wire was made of platiﬁum draswn by the woolastah process.
The &ire diameter was 0,0005 inch. To obfain the readings
" close to thHe wall, e third leg or needle was built into the
Aprebe; The distance between the wire and the tip of the third
'needle was measured very accurately. The third needle was part
’of an elebtricel circuit, which was eompleted when the extended
tip established contact with the wall. |
. The hot wiré was calibrated at-tWo resistance ratios at
a constant air temperatﬁfe. The probe was.so held that the
wire axis was at right angles to the flqw. The calibration
was carried out in a low turbulence windltunnel and in the
test pipe over a range of velocities, For velocities less than
3'vpef sec, the calibfation.poiﬁts Qere'obtained from the known
fully developed prefile-for 1amiﬁar~flow in the test pipe. For
velocities more than 3' per sec, the hot wire and tﬁe pitot-
static probes were held in the same plane normal to the flow.
in the wind tunnel. Cold eetting of the hot wire anemometer was
done at each flow rate and the values of the current'giveh by the
anemometer at the two resistance ratios were recorded alongwith
cdrresponding micromanometer readings. Figure 4 shows a typical
celibration curve giving the relation between current and velocity
at resistance ratios 1.2 end 1.k for isothermel flow. The
calibration curve thus obtained was checked and verified at 5
the test pipe. The velociﬁy profiles along two perpendicular /

directions were obtained by measuring the velocities by means
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of hot wire anemometer.'The mass flow rate as calculated
from the velocifiy prdfiles was compared with the mass.flow ’
rate as calculated from’the rotame&er reaaings. The results
were found to be within é%, The centre line velooities'at
variéus flow ratéé measured by meahs of the.hot wire ahemo~
meter were algo conmpared with the méasufements takén ﬁith
the pitot static tube, The results were within 2%.

Current ooriection for temperature was apblied according

to the table reference (6).

Resistance Ratio ————— 1.2 1.k

Current Correction m.a./10°F-wcw- 0.209 0.302

3.7 TEMPERATURE MEASUREMENT

The:temperature of the (1) ambient air (2) surféce of
the aluminum pipe (3) air leaving the rotameters (4) air at
thefentrance of the test section and (5) air at various
statioﬁs mentioned earlier was measufed. Chromel'Cénstantan
24 géuge thermocouples were used for the measurement of the

temperatures of the ambient air, surface of the sluminum

. pip%and the air leaving the rotameters, For the measurement -

of the temperature profiles when the temperatures were less
than ZOOOF, Copper Constantan 30 gauge thermocouples were -
used. For the measurement of temperature profiles and the
inlet temperature when the temperatures were h}gher than
500°F Chromel Constantan thermocouples were usad. & 24 gauge
Copper Constantan thermocouple was used for measuring the

inlet temperatures when ty <:200°F.
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For air temperature measurements in the test pipe the
" thermocouple wira was mounted in a stainless steel tube bent
at right angles. The wires were sanded at the tips to roduce
‘the diameter, bent and soldered'for 30 gaugé or fused for 24
gauge. The probe was designad with a contact poinﬁ,ar“a knoWn_
distance from the thermocouple junction. This poiht oompleted
an elecﬁric circuit when it touched the wall, Thio provided
o a reference point from which to start the traverse. -
All the Chromel Constantan thermocoupWes were connected
to a Thermovolt Instruments 24 p01nt rotary SW1tch All the
outputs were'measured on a Leeds and Northrup potentiometer.

The probes used are shown in figure 5.

‘3.8  PRESSURE MEASUREMENT

| Barometrlo pressure was read on a 1aboratory barometor
accurate to f 0.01 "Hg. For the calibration of the hot wire
and for checking tha flow, Flow Corporation's model MM3
micromanometer was used. It was accuraﬁe to ¥ 0.6002 " of

the 1liquid column (Butyl A%gohol) oyer a 2" range. -

5
4,;-_"-*‘ g

‘ 3.9 TRAVERSING MECHANISH
The traver51ng mechanism (Photograph Ne.(F=3,F-4, F- 5)
consisted mainly of a threaded rod, probe holder and an
indicating dial capable of positioning the probe with an‘
aocuraay of 0.008"..The hot wire and the thermocouple probes
could be aligned parallel to the pipe axis with the help of

a2 pointer as shown in the figure 5, 24761@
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CHAPTER 4

EXPERIMENTAL PROCEDURE AND RESULTS

L1 PROCEDURE '
This‘investigation was mainl& concerned witﬁ the heét

transfer coefficients, the velocity profile development and
the wall temperature variation associated with non~:iéothermél
flow of air in a verfical'pipe.inva constant temperature
envipoﬁment. The majority of the data was for low Reynoldé
numbers (NRéi‘< 2000) and for small differences between ts
‘and ty ((ti-ty) <:1OQ°F). Several runs weré taken at higher
Reynolds numbers (NReiCi 3000,4000) and larger differences
between t; and ty ((tj-t,) =2 600°F) for the purpose of
comparison with the readings taken by Drobitch (6), and
Vissers (29). Small values of (ti-to) were used along‘wiih
low Beynolds nﬁmbers to investiga;e the point where thermally
;ndﬁced turbulence would occur. The air flow was selected to
cover a range of entrance Reynolds numbers from 600 to 4000,
For non-isothermal runs 6 to"8 hoursAWere allowed for the
system to reach a steady state. Readings were taken only when
the ambient air temperature along thé pipe varied by 1ess'
than two degrees.‘

Fdr e;ch run the following measurements were'recbrdedi
(1) barometric Pressure
(2) ambient air temperatures at 6' and 15' along the
pipe length and about 1' away from the axis;
(3) inlet air temperature
(4) wall température-at'each measuring station

26
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(5).Vadia1 temperature profile at,each measuring
station 4
{ ' (Mean tempefature was caiculated frdm the

ﬁemperature readiﬁgs at equal area points along the
diémeter) |
(6) mass flow rate of air in tne pipe.
€7) Centfe line veloéity'at each méasuring station -
The readiﬁgs listed above were takénfpéribdically to

-chéck for the steady étate condition.

.

k,2 HEAT TRANSFER AND WALL TEMPERATURE RESULTS

The.ﬁariation with L/D of meén air temperatures and
wall temperatures for different inlet air temperatures and
Reynolés-numbers are shown in figures 6 to 11.inclﬁsive.
The.variation of (ty~to) witﬁ (ty-to) at various values of
Ngej and L/D are shown in figures 12 to 15 inclusive, The
slope of these curves ié given by (ty-ty)/(ti-tp) and is
designated'as ‘m'. In figures 16.and 17’ the values of 'm'
are shown for various values of'L/D and Npei.

'The variation of local Nusself number (NNux)lwith L/D
for various values of Nzei &\fi are shown in figures 19 to -
25 inclusive, Figure 26 shows the variation of local Nusselt
number witn L/D for NR§1,= 2175 & 2720.at'ti.=-665.0 and
605.0 °F respectiveiy. The results of Drobitech (A) and

Vissers (29) at about the same inlet ‘temperatures are also

]
!

shown on the same graph for comparison, The variation of i

local Nusselt number with Graetz number is shown in figﬁre 27 /
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along with the numerical solution given by Kays (16) for the
' constant femperéfure and constant heat flux boundary
conditions; TheSe4resu1ts are for high inleﬁ temperatufés
(t; ) 600°F) and for Ngey ¢ 2000. The veriation of mean
Nﬁsselt-number with Graetz number for HNggj <'4000 and. -
ty <:1200F is shown in figure 28. Pigford's (23) analyticgl
data for (uw/uC.L = 1,0) is also shown on the same plot,
The variation of local Nusselt numbef with t /t, for
different Reynqlds numbers is shown in figures 29 & 30. The
local Nuséélt number for these two plots was calculated by
measuremenﬁs at L/D = 15.9 & 33.1, thereby representing

Ny et L/D = 24,5,

4,3 VELOCITY RATIOS

Figures 24 & 31 to 34 inclusive show the variation of
Wysx/ U with L/D ratios for non-isothermsl flow at different

_temperature differénceS‘(ti~to)-and various Reynolds numbers

(NRei)-
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Fig.1 . Typical Temperature Boundary Conditions

Showing the Axial Variation of Mean & Wall Temperatures.
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CHAPTER 5
DISCUSSION
5.1 AXIAL VARIATION OF TEMPERATURE

o - From the mean air and wall surface temperature
cur#es shown in figures 6 £o 11 inclusive it was observed
~ that the rate of temperature drop decreased with an
increase in Npej for the same (t;-tg) and increased with
an increase of (ti-to) for the same NRei. As thé L/D
ratio becéme.larger the air of course became cooler
and the difference between tﬁ and ty decreased, At
large L/D rati&s tp was approximately equal to tw. The
accurate calculation of heat transfer for these small .
differences between t;énd to 1is difficult, also isothermal
or near isothermal conditions are reachsd at lower L/D
ratioé for smaller rates of flow, From figures 12 to
15 inclusive it was observed that (t%-to) ﬁésvdirectly
proportional to (tj-ty) for a given NRei.and L/D.
(twy~to) is a function of (ty-to), L/D & Ngei as shown
in figures 16 & 17,
The observed ty for differént-values of ti, to,
'L/D and Npoy has been found to follow an‘empifical relation

of the form ( See figure 18 ).
B (L/D) ©

- (20)

tu-to Ngej )
ti-tg 13000

63
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where A, B and C are empirical consténts.

The above eqﬁation was solved for ty, using the
method of least squares to obtain the numerical valﬁes
of the constants A, B and C. With the help of the above
equation, wall temperature ty, at a particular L/D cah
be predicted if tj, t, and Ngej are known,

It was obsereved that the constants A,'B.and c

" attain different values depending upon the inlet temperature

and Reynolds number to give the best possible fit..
Sultable values of A, B and C were selected to give the
least spread in the calculated values of tw Whenfcompared
to the experimental values of ty, |

"The deviations of the predicﬁed values of ty from
the experimentai values, along with the various values

of A, B and C, are given below,

A= 0,60 (For tj < 200°F)
A= 0,69 (For tj > 600°F)
B = 0,07 |

C = 0.47

The above values apply to:

Nges < 4000

68°F { t, £ 87°F

L/D £ 250

The deviations of the tymeasured experimentally
from the. value obtained from the empirical relstion .
were within ¥ 8%, The majority of values fell with in

ruz,
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Equation (20)was found to holdbfor‘the experimental
‘resulps of 6robit6h (6). He had condgdted the experiments
under similar boundary conditions as the present
investigafion, in a b,34" diameter pipé.at_high iniet‘
tem@eraﬁures (ti;> 600° F). The values of A and.B were
found to b¢ nearly the same as in the pfésent invéstigation
and C was founhd to be a function of the diaméter of thé

"pipe., It could be expressed as C = 0.49 (D)O‘25 where D 1is

in inches.

The deﬁigtidn between experiﬁental values and
vcalculated values of tw using this data were within * 7%,
Combining the results of the presehf investigatién
. with those of Drobitch we can express 'A‘ as a function

of inleﬁ temperature, 'B' as a constant and 'C' as a

function of diameter giving :

o
A = -—}._ ‘!‘,0.5

585 :
"B= 0.07

c= 0.9 (p)°r2°

From the above sets of values of A,B énd_C it is .
obvious that the inlet temperature and the diameter of the

pipe pléy an important role in the heat transfer results.

4
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5.5 HEAT TRANSFER CHARACTERISTICS
| Figures 19 to 26 inclusive show the variation of
local Nusselt number Ny,y vs. L/D ratio for_various Ngei
and t;. The graphs of Nyuy vs., L/D ratio for Npe; 1less than
2000 show that Nyux decréased in a nonulinéar fashion with
increasing L/D ratio., For the particular case of Nggy=1500
and ti=iOM°F‘the above trend was not foilowed. It was |
seen that for L/D‘>.6O the NNux values increased with
increasing‘L/D ratios, The experimental data obtained at
NRei:fBOOO'is scatterea. This may be dﬁe to the onset of
turbulence in the flow. Figure 25 shows the results of
the present investigation for high inlet temperatures"
t;) 6009F, Thé values of N,y Were found to be lower at
the same L/D rétio, and the rate of decrease of NNuxwith

_L/D Wefe fqund’to be higher, when compare& to the results
of.Drobitchv(é) for nearly the same éntrance conditions,
Pig., 26 shows that the_changes of NNui were not consistent
with increasing values of L/D ratio. While toking the
teﬁperature'readings for the tests shown in figure 26,
fluotuafions of iarge magnitude were observed in the
potentiometer pointer. The behaviour of the experimental
results for these two sets of readings could be due to

~ variation in the magnitude and frequency of the velocity
fluctuations or 2 fluctuation in the flow rate, Dfobitch

"(6) and Viséers (29) obtained similar graphs for a
temperéture,range of 600—?OO°F, but the fluctuations

appeared at lower values of Npas.
Rel
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Local Nuséelt number variation with tm/tw shown in
.figures 29 & 30 confirm the observations reported by Zellnik
and Churchill (31). They had also obseved the increase of Niux
‘with tm/tw while studying the local convective heat transfer
coefficient at high inlet temperatures for a constant wall
temperature case, where the gas was 5eing cooledf Attempts
were ﬂoﬁ made to correlate the daté 2s was done by the above
authors~becaﬁse of an 1nsufficien£ number of data péints. The
different,tm/tw for the same Reynoldé number represents different
inlet températures. Tﬁe scatter of the points in_alllcases
except for Np,;< 3000 was within* 20%, The slopes of the curves
are different for different local Reynolds numbers.

The‘experimental'resulté of fhe present.invéstigatién
ﬁere compared witﬁ the anaiytical results given by Kays (16),
Pigford (23), Hausen (7), and are discussed below, |

Figure 27 shows local Nusselt number‘(NNux) vs. Graetz
number (NGZ). The conditions applying to curves 1,2,3 & L are
as follows : | '
a2, - Curve 1 was derived analytically by Kays (16) using the
ﬁelocity profile development given by Langhaar for laminar
flow. Constant wall temperature was selected as the boundary
condition, The air in the pipe was being heatsd and -the heating
began at the pipe entrance. Experiments were also .performed by
Kays under the conditions specified for curve 1. The test pipe
diameters Wefe less than 3", with air flowing vertically upWardS
The results agreed with curve 1,
b.' Curve 2 was also derived analytically by Kays us;ng the

‘szme laminar velocity profile development. The boundary condition
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was now constant heat flux at the wallhand the air was heated
N ' beginning at the entrance. |
| | c. Curve 3 givés the experimental results obtained.by éajaj
,;" in a vertical pipe when the air was being cooled., The boundary
condition was the wall tenperature defined by equafion (205.
"The velocity & temberature profiles were both flat at the test
pipe entfance. |
d.  Curve 4 shows the experimental results obtained by.
Drdbitch (6). The test conditions were the same as used by
Bajaj except the pipe daimeter was L,34" rather thed 0.87"as
used by Bajaj. |
‘Kays experimental and analytical results under the
conditions of curve 1 showed excellent agreement, It could be
concluded fherefore that the natural convection =ffecls were
negligible in the pipe diameters less than 1", Curvg 3 showed.
4g§od agreement with curves 1 and 2 except at fhe nigher Graetz
. numbers, Thé higﬁer‘meah temperatures at the entrance of the
test pipe would ‘cause natural convection which iﬁ turn would
increase the local Nusselt number, Bécause of the larger pipe
diameter used for curve 4 natural convection effects would be
again greater resulting infhisher local Nusselt nuﬁbers. It
‘would appear that Grashoff number.could be used to indicate the
extent of the natufal copvection and hence the increase in
local Nusselt nunmber,
in figure 28, the variation of mean Nusselt number with
Graetz number for data frcm the preseht investigation snd also

=%

from Pigford (23) for (le/lic.L. =1.0 ) is shown,
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Pigford.analytically consideréd the heat transfer.witﬁ
supérimposed natural and forced cbnvection to a fluid-
-ffpwiné in a laminar métion through a vertical tube, He
calculat;d the variation of arithmetic average Nusselt’
npﬁber with the Graetz number for éeveral selected valﬁes
~of Greshof-Prandtl product (Ngp Npr, D/L) and of the
" ratio of fluid viscosity at the wall to that at the
‘average bulk fluid temperaturé. The graph corresponding
fOAUNAUC_L =1.0 vas selected for comparison} Of the values
bf,Uw[aC.L which Pigfofd selected the value of 1.0 came
closest to the e#perimental values in the present work.
The nuﬁerical'values of ﬁGr for the various runs are given
in the appendix. It may be noted from Pigfords data that
the mean Nusselt number'definifely 1ncreéses with the
Grashof modulus (Ngy, Npp., D/f) considering the results
of the present inveétigation alone, shown in figure 28,
it may be concluded that the Reynolds number.does nof seem
to play an important role, as a majority 6f the points
are scatteted within 30%. The values of the mean Nusselt
number are‘higher for ﬁhe same Grashof modulus and Graetz
number than the values given by Pigford. Pigford calculated
the mean Nusselt number based on the average of the
differences between wall and mixed fluid tempéraﬁures at
tr.e enfrance ang exif of the pipe. The mean Nusseit
number for the present invesvigation was calculzted using

local Nusselt numbers as explained in appendix A . For
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the work of Drobitch (6) again Reynolds nuﬁber does not
seen to éffect the mean Nusselt nﬁmber.

vissers (29) who had done the experiments on a 1.74"
diameter pipe’uﬁder similar boundary cénditions as the
present investigation found_that his experimental data
agreed wellrwiéh the corrélation given by Hausen (7)
shown on page 5 ., The mean Nusselt number variaﬁion
@ith ( (Nge. Npr.)/L/D) for the present investigation did
not agree with Héusedé correlation, ﬁausen used constant
WQll temperature and'ahparabolic velocity distribution to
obtzain equation (1). He-neglected free convection effects,

‘The .equation suggested by Drobitch (6) correlating
Nyum with Ngej also does not satisfy the present data. The
mean Nusselt numbers are'bonsistently higher in the larger

diasmeter pipe.

As Hanratty, Rosén:and'Kabél (13) point out{Athé
eXpressions for'calculating the heat_transfer coefficient
suggested ﬁy various authors depend upon an assumed model
for the flow field in which the field is not turbulent,
The disagreemenﬁ of the present data with any derived
equation probably arises from the inadequacy of the flovw
model assumed in their various analytical solutions, One
such inadequacy would be a failure to comsidér different
levels of turbulence across the pirpe,

As pointed out by Gross and Vannsss (10) the

temperature profile at any given cross section will depend
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upon the boundary conditions, whether the fluid is being
.heated or cooled and on the fluid properties. Thus the
1dcal heat fransfer coefficient will be affected by the

above_mentioned variables,

5.3 VELOCITY RATIO ‘Up,y/ U
Figures 24 & 31 to 3% inclusive show that this

,viéocity ratio is over 2.0 for some<of the runs whsré
'Nﬁei::ZOOO. For 1éwer,flow rates and larger temperature
differences a ratio of more than 2,2 is obtained, This
is caused.by buoyancy forces'which elongate the profile.
For the.game temperatﬁrejdifference (ti=t,) and smaller
flow‘ratés, the buoyancy forces predominate and a higher
peak in the velocify profile is obtained. As the mass.
flow is iﬁcreased thé reélative eﬁfect of buoyancy forces
decreases which can-'be noticed in figures 24, 33 and 34
for Npej= 3886, 2000 an‘djodo. For these, the buoyancy
forces play a smaller role in the velocity development

" since the inertia forces dominate. The maximum value of
the velocity ratio decreases with increasing Reynolds
numbers and decreasing temberature differences (ti-tgy) Tor
Npej €2000. When the Reynolds number becomes large
(NReiJ>2000) tﬁe temperature differences flatten
the profiie thus decreasing the velocity ratio, 'For
smaller temperature differences the flow becomes turbulent

and the velocity ratio never reaches 2.0. From the same
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figures,it may be noted that the veloéity ratios rééch a
'maximum>at an L/D which nearly coincides with the settling
1eﬁgth for iéothermal flow, Following the point of ‘
maximum upsyx/ U, steady cooling reduces the value of this
velocity ratio,. It tends to approaﬁh a value whicﬁ would
be expected for turbulent flow, This thefmally induced
turbglence haé_béen referréd to as non«laminaf_flow. Due

. to continuous cooling the flowAbecomes isothermal, the
velocity thqn increases, reachinz the usual parabolic value

of 2.0 if the L/D ratio is sufficiently large.

5,4 TYPE OF FLOW

Isothermal flow is generally cons;dered to be 1am}nar
when the Réynolds number is below 2300, The hot wire |
indicated no turbulence for flows as high as NRecfjooé. but
for NRe;;BOOO, it showed that turbulence was initiated and
increased as'Reynoids number increased. Depending upon
the entrance conditions, turbulence may set in much earlier
or may hot occur even up to NRe:beOO..

For non-isothermal flow, the hot wire anemometer
indicated turbulence for Nge) 1000. Vissers (29), Drobitch
(6) and Gulati (8) had observed turbulence for Reynolds
numbersvas low as 500. Hanratty indicaté& in his
investigation using water, that fturbulence may well be
preéent_at lower Reynolds numbers and he found the flow

to be completely turbulent at a Npe=~50. The difference
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in the Reynolds-nuﬁber at which turbulence was noticed
between this investiéation ana other investigtions could
be due té.ﬁhe fact that the pipe diameter was much
sﬁéller for this investigation; also there were.mofe
screens for control of turbulence ahead of the ehtrance to
the test pipe. |

‘The oscilloscope conneéted to the hot wire anemometer

" indicated fluctuations in the hot wire output, These

fluctuations could be due to a variation of Yelocity or
tempeiature.A The fluctuations in the hot wire anemometer
réadings increased:

a.  With increasing mean temperature.

b. With increasing distance from the centre of the
pipé |
| - All these observations confira the results of
:Vissers (29) and Drobitch (6).

5.5 ERROR ANALYSIS

Although every effort was made to maintain constant
boundary conditions and consﬁant flow conditions,small
fluctuations did in fact occur. Some of these fluctﬁations
are listed below. |
a., Tahe air flow rate had a maximum variation of % 3%
in'éome of the tests,

b. The ambinet temperaturs (room temperature) was
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permitted to vary + 2° during a test. The test was discontinued

if the variation exceeded this value.
{

!
!

c. The presence of the thermocouple probe in the pipe
‘ had a small effect on mean and wallltempératures.

d; Small natural drafts in the room would vary slightly,
'depending on time @f the day, outdoor conditions etec,

e. It was noted that the inlet air temperature fluctuated

+1 degrees during some of the tests,

The Nusselt number has been calculated as

(tml'th)v

NNuX.= Constant- X
tmi + tpo - tyr + Ty )
2 : .2 ‘

Taking representative values of temperatures'which

are not necessarily the expected accuracies,

tyg = 126.5 %.0.5
t, = 120.3 % 0.5
by = 106.7 % 0.5
typ = 1026 % 0.5

: 126.6 - 120.3

Constant x( : )
(246;9 - 209.3)

2

Constant x 0.335

.Nominal valuve of Nyux

" Max., value of Nyux Constant x 0,399

Min. value of Nygyuy = Constant x 0.275

The deviation from the Nominal value + 19.7 % & - 17.9 %.!
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"The above sample calculation shows that the maximum
deviation in the nominal value of the local Nusselt number

could be % 20 Z%.
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CHAPTER 5
CONCLUSIONS

From the study of heat transfer characteristics,
velocity profile development and the wall temperature,
the following conclusions were made.

1, Wall temperature ty was a function of ty, to, L, D &

- Npey 2nd was found to follow an emperical relation of the

form
o C
B (L/D)
t“’ - to . . l\TBei
—— = A
tl‘— to 13000
where
T. .
A= > + 0.5 g
. 585
B = 0.07
0.25

c = 0.49 (D)

Thié equation applies to a2 round pipe of negligible
thermal conductivity. It is valid.for both high and low
| entering temperatures and for varioﬁs pipe diameters,
Pipes tested had diameters which fell betﬁeen 0.87"

and 4.34", and t; fell between 85.0 & 730.0° F,

2. In the type of flow investigated in this work, the

buoyancy forces had the effect of elongating the velocity

profile., The relative effect of these buoyancy forces on velocity

profile shape decreased with increasing Reynolds number.
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3; Fdr.ﬁon—isotherﬁal flow, four distinct regions were
T aﬁparent. These Were
a. Entrance region; from entrancé to maximum umax/.ﬁ-
Comparable to L/D for entrance region in isothermal flow.
b. Cooling region; where the velocity réﬁio decreased
continuously due to cooling.
¢, Isothermal developing region; tﬁe effect of temperature
difference became negligible and the velocity profile developed
isothermally.
d. Fully developed laminar isotherial flow; this will
continue if no disturbances are’enoountered;
These observations confirm Vissers‘(29) conclusions who
had also observed similar distinct regions. |
L., . The flow was of a turbulent nature for Nﬁefalooo, even
when the temperature of the air flowing in the pipe was:only'
é few degrees above tﬁe gmbient air temperature,
5. The local Nusselt numbers agreed well with the values
given by Kays. The valﬁes near the pipé entrance were slightly
higher than the values given by Kays probably due to natural
conﬁéction effects, As the pipe dismeter was increased the
Grashof{f number was larger and so was the local Nusselt number
as indicated by the results of Drobitch, |
The local Nussslt number was found to increase with b/t s
‘Data could not be corre}éted because of the 1imita££on and
scatter of the data points,
6. The mean Musselt numbers were compared with the results.

of Pigford (23) and were found to be slightly higher as shown in

ifigure 23,
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APPENDIX A
EVAﬁUATION OF DIMENSIONLESS PARAMETERS

The dimensionless paiémeteré used in this study
were: (1) Graéhof.number-NGr; (2) Nusséit numbér—NNu
(3) Reynolds'humber;NRe; (#) Prandtl number-Npp; and
(5) Graetz nuﬁber-NGz .

The fact that,alllphysical proﬁertieé in
dimensionleés groups must be evaiugted at a certain
temperéture-createé 53 broblem in heat transfer
calculations. There is no definite rule for the selection
of a particularitemperature to use in aetermining the
properties, The choice for a refefeﬁcéAtemperature

~ depends upqn the conditions under which the empiricai
equation is derived._ Th¢ most commonly used are (i)
centre line temperature-tg; (2) mean temperature-t, ;
(3) bulk mean temperature~ty; . and (4) arithmetic mean
temperature~t,.

Figure A shows a typical pipe section

i

Figure A

- — tm2, ty2
X +AX

tm1 and twl are the mean and wall temperature at X,

tm2 and th-are the mean and wall temperature at X+AX
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and W is the weight flow (in 1lbs/hr.)
a., The centre 1ine temperature is the local temperature
f.of the fluid at thé centre 1ine of the pipe.
b. The mean temperatﬁre over a cross-section area

of pipe is determined from the temperature profile across

the diameter:

tin

L1}

IS
o
Q-
-~

¢. The bulk mean temperature of a given fluid msss is
 obtained by thoroughly mixing in a cup the fluid passing
through a cross sectional area of the pipe per unit time

and is defined'aé:

R
J PCpty Uy 2RYdY
0Cp [ ur2nrds

AT

R jf {«Y UdeY

| LRUrVdY
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The méan-temperature agreed well with the buik mean
and so this.was used as the base for determining properties.
d. The arithmétic mean temperature is defined‘as
oo ot
2
After hévipg ﬁefined.the temperatures usuaily
éncountered for defining tﬁe ﬁfoperties the various

non-dimentional parametersare’ defined as follows:

a. Nusselt number:

The important pérametef in heat transfer studies
is the heat transfer coefficient or Nusselt number.
The local Nusselt number is givén by

h,D’

———

Mux =
Nu Ky

where the film coefficient, hy is given by

Ny = O /(agAt)

: The.A;t in this eQu@tion was taken aé the difference
betweeh the mean fluid temperature and wall temperature.
Thé heatiﬁfansferred from the fluid can be evaluated by
means of the following equation

ay = W Cp Dty
The Nusselt numbér was considered local when it was
éﬁe.avérage Nusselt number bet&een two ad jacent stations,

It is.thereforé given by
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. where C, and X are the specific heat and conductivity

b
* respectively evaluated at (tp+tyo)/2 and AT in the

denominator is defined as

AT E""(tml“'tmz) - (tyq+ty2)
) T2 2

The average or mean Nusselt number over a length

L was detei‘mined by the following equation.,
L
Njum = -“: J Ny (x+8%) - A%
2
. - ) °
b, .GRASHOF NUMBER

. The Grashof number at the position X was defined as’

Nerx . D’se’gar
. ' ”2. ‘
" where @A . 1 i
= e’ T° (°R
AT z (‘Lmt-to) COR. oY '°F)

and p and Ul 2re properties of the air evaluated at tpq,
¢, REYNOLDS NUMBER

The Reynolds number at any pqsition X was defined as

Nrex Qy . D. Ux :
. H * - ] px .
where @y, Ux & Ux. are d.etermiped at toy.

'd. PRANDTI NUMBER

The prandtl number was defined asg
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! It was assumed to be constant at 0.71 (for air)

e. GRAETZ NUMBER

ned as

The Graetz number at the position X was defi
o %
GZX, K X

X is the lengtn qf the pipe from the entrance to
tﬁe position X where Graetz number is to be evaiuated;
Cp and. P are to be evaiuated at trml e

For the ploﬁ of loczl Nuséélt.number vs, Graetz
nﬁmﬁex;zcraetz nuﬁbef was evaluated at (X + ééé ). For
the plot of mean Nusselt number .vs, Graetz number,

Graetz -number was evaluated at (X + N X).

v
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APPENDIX - B

Table B-1. Variation of Tgmperature and Dimensionless

parameters with L/D Ratio.

20.40" Hg,

Run No.l Parometric Pressure

Ambient Air Teméerature --81.2 O°F.
Inlet Air Temperature (C.L.) - 85.0 oF.
Weight Flow o - 1.,59 1bs/hr,
L/D £y ty Nge A Vo, | Yor |
' , o T o-h
OF °F _ X 10
0 85,0 615
15.4
5.5 84,2 - 83.1 61 0.22
' 5.6 32.6
15.9 83.7 82.6 618 | 0.17
: : 2.5 14,3 ,
33.1° 83.3 82.1 619 0.14
. ' ﬁ 1.9 8.7
46,9 83.0 81.8 619 0.12
0.9 6.3
4.2 82.8 81.7 620 : 0.11
. ' 1.1 b.6
88.3 82.6 81.5 620 : 0.09
: : - 0.8 3.1 :
136.6 81.2 81.2 622 :
| o | 2.2
178.0 81.2 81.2 622
219,3 81.2 | 81.2 622
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Table B-2. Variation of Temperature and Dimensionless
parameters with L/D Ratio;
" Run No.Z2 Barometric Pressure - 29.57" Hg.
| ‘Ambient Air Temperature - 78.0 OF,
Inlet Air Temperature (C.L.) - 94,0 °F.
Weight Flow - 1.61 1bs/nr.
L/D to ty Npe | Nyux No, Yor |,
°p Op x 10
0 .o 594
11.95
5.5 | o914 | 86.6 599 0.98
- : 6.0 32,7
15.9 | 88.6 83.6 60k | _ 0.79
o ' 6.0 14,4
33.1 8l.8 81.7 611 | 0.51
' 6.3 8.8
L6.,9 82.7 . 80.3 615 - . 0.35
. . 2.7 6.3
6l 2 81.6 79.9 617 | 0.26
l L 503 L’"?
88.3 79.5 79.4 - 618 0.09
' 5.85 3.2
136.6 79.0 | 78.7 620 :
. , "'5.5 2,3
178.0 78.3 . 78.3 621
219.3 78.0 78.0 | 621
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Table B-3. Variation of Temperature and

parameters with L/D Ratio.

.89

Dimensionless

Run No.3 Barometric Pressure - 29.,46" Hg.
| Ambient Air Temperature - 79,6 ©°F,
Inlet Air Temperature (C.L.) - 107.0, OF.
" Weight Flow -1.62 1bs/nr.,
L/D ty tu NRe Nyux Ng, Noy .
op oF ' x 10
0 107.0 575 |
. = 11.96 4
5.5 101.8 94,8 582 62.5 1.32
| | 6.3 32.5
15,9 97.4 . 89.6 590 22.0 1.04
. 5.7 14,3 B
33.1 91.7 86,6 602 10.6 0.66
. - 5.1 8.8 .
- 46,9 88.8 84.6 607 7.5 0.46
' ’ : 3.6 6.4
64,2 86.7 82.8 611 5.5 0.30
: L ' . 2.6 L, 7
88.3 84,8 82.0 614 L.o 0.13
. . . 1.7 3.2
136.6 83,0 80.6 618 : 2.6 0.05
, 1.7 2.3 .
178.0 81.6 79-6 620 ' 2.0
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Table B-4, Variation of Temperature and Dimensionless

parameters with L/D Ratio.

Run NO.4 Barometric Pressure

‘Ambient Air Temperature

Inlet Air Temperature (C.L,

.Weight Flow

- 297" He,
- 79.3 °F,

o}

F.

‘- 3,02 1bs/hr,

Op . OF x 10
0 (143,55 1014 .
: 19.35
5.5 | 128,9 | 110.4 | 1031 2,91 1.53
: 8.7 58.7
15,9 | 120.3 | 100.7 { 1059 2.52 1,95
, ' - . 5,25 | 26.0
33,1 | 112.2 95.4 | 1080 2,09 2.14
: o 5.50 | 16,0
46,9 | 106.3 91,3 | 1096 o 1.84 2.21
: : 4L 11,6
6,2 1101.2 88,2 | 1110 1.53 2.19
2 B T . 3 . 7 8 '_5
- 88,3 96,1 85.6 | 1128 1.21 2.17
: B E L,0. 5.8
136.6 83.5 | 82.4 | 1157 0.70 2,09
- 3.8 L,2 .
178.0 84.3 79.0 | 1171 . 0.52 1.98
- 2.8 3.3
219.3 81.9 78.4 | 1179 . : 0.34 1,88
: 3.5 2.7
267.0 .| 79.8 77.9 | 1187 0.17 1.92
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Table B-5. Variation of Temperature and Dimensionless

parameters with L/D Ratio.

"Run No.,5 Barometric Pressure | : -.29,50" Hg,
‘Ambient Air Temperature - 78,7 ©F,

‘Inlet Air Temperature (C.L.) -108.0 ©F,

Weight Air Temperature ‘- 2,83 1lbs/hr,
L/D tn Tu Npe Nyux Ngz Ngr i umax/ U
op op x 10 '
0 108,0 1022
: : 10,7
5.5 104,8 93,2 1028 - 108,8 1.77 1.53
: . ) 10,3 56,6
15,9 |- 98,8 88,6 1044 . 38.3 1.40 1,85
33.1- 9l ,1 86,7 | 1061 S 18.5 | 1.1 2.08
, : L.,6 15.3 '
46,9 91,7 84,6 1070 , 13.1 0.94 2,19
_ : 1. : 4.8 11,1
64,2 | 89,0| 83.1 | 1079 9.6 | 0,72 | 2.11
' : L.5 8.1 :
88.3 86.2 81.8 1088 7.9 0.55 2.03
| , 3.5 | 5.5
136.6 | 83.4| 80.2 | 1098 L,6 | 0,33 | 1.94
b0 L,o . C
178.0 80.8 79.3 1105 . 3.5 0.15 1.96
. 14 3.0 | 3.1 A
219,3 80,0 7.3 1107 ) 2.9 0.11 - 1.92
o 2.7 2.6 )
267.0. 80,0 | 79.3 1107 1.98
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Table B-6. Variatlon of Temperature
Parameters with L/D Ratio.

92

and Dimensionless

Run No.b Barometrié'Pressure - 29,40" Hg.
.Ambient Air Temperature - 78,2° F,
Inlet Air Temperature (C, L)- 86, 0o Fo
‘Weight Flow - - 2,58 1lbs/hr,
L/D tn tu Npe Nyux Nego Ngr Unax/ U
oF oF | x 10
. ) ' 11,28
5¢5 85.3 | 83.1 989 - 0.55 1.37
. 7,421 52,8
1509 81‘"03 ’ 81!9 989 . ) 0047 1.69
. 6.33]| 23,1
33.1 - 83,0 | 81,3 995 ' 0,38 1.88
| | 7.82| 14,2 |
16,9 82,1 80,8 " 995 0.30 1,86
) o F.64] 10,2
64,2 81,7 | 80.5 999 ' 0,28 1.99
' 3,0 705
88,3 | 81.3| 80.4 | 1000 | | 1,89
136.6. 7805 78¢5 1008 1.90
178,0 | 78.4| 78.k4 | 1009 1.89
21,3 478.4 78.4 | 1009 © 1,77
267,0 78,4 78,2 | 1009 1.84
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Table B~7. Variation of Temperature and Dimensionless

parameters with L/D Ratio,

- 29.25" Hg.

Run No,7 Barometric Pressure
Ambient Air Temperature - 78.2 OF,
Inlet Air Temperature (C.L.)- 90.0 °F,
Weight Flow ' - 3.89 1bs/nr,
L/D 'tm tW _ NRe ‘ My ' NGZ Ngp o uma}:/ U
Cp Op x 10
0 90.0 1513
19.2
5¢5 87.8 | 83.9 1523 0.79 1.33
' | 7.5 | 79.3 _
15.9 86.6 | 81.9 1528 y s 0.8 0.70 " | 1.56
334 | 8s5.2 | 81 1535 5°5 vy | 0060 | 17
n6.9 | 84.2 | 80.9 | 1540 6' 15'4 0.43 | 1.86
§ . . 9 . .
64,2 L | 8o, 1541 0.41 | 1.89
ez 83 > 2.8 | 11.2 0.5 00
. 82.8 . 1585 , . i.
88.3 79.5 " o iy e
. 81 . Ll’ : 8 . 1 552 . ’
136.6 78.7 28 5.5 '
178.0- | B80.6 | 78.2 1556. 0.10 | 1.856
219.3 | 80.6 | 78.2 | 1556 |- 0,10 | 1.85
267. | 80.6 |.78.2 1.86
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Table B-8,

Variation of Temperature and Dimensionless
, pera

parameters with L/D Ratio,

Run No.8

"Barometric Pressure

Ambient Air Temperature

Inlet . Air Temperature (C,L.) -104.5

Wéight Flow

- 29.65" Hg.
- 78.2

'»‘OF.
OF,

94

- L,16 “1bs/hr,

L/D tn Ty Nre Ny x Nez - |- Ngy L
Op Op x 10
0 104.,5 1509
-10.6 .
5.5 102.5 92.9 1515 160,3 1.65
' 8.5 83.4 '
15.9 99.3 88.7 | 1sk0 56.2 1.49
' ' 6.0 36,6 °
33.1 95.8 86,4 1552 27.2 | 1,26
E ‘ . 7.2 22,5
46,9 92.8 | 84,7 1566 19.2 1.06
S . 5.1 16,3
64,2 90.5 | 83.5 1575 14,1 0,90
: h,6 11.9
88.3 88.0 82,2 15865 - 10,3 0.72
5'9 . 8".‘ '
'136.6 83.6 80,6 1567 6.7 0.45
6.1 5.8
- 178.0 81.4 79.3 1617 3.2 0.28
e ’ ’ 7-3 "6
219.3 79.8 78.9 1625 b2 0.08
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- Table B-9. Variation of Temperature and Dimensionless

parameters with L/D Ratio.

~ 'Run No.9 Barometric‘Pressgre - 29.37" Hgz,
Ambieﬁt Air Temperature 4,86.5' °p, .
Inlet Air Temperatufe (c.L.) -131.5 °p,
Weight Flow - = 4,29 1bs/nr,
L/D by by Nre | Nwux | Yoz Nor N Unay/ U
°p op | x10
0 131.5 1470
. ' ‘ 12, '
5.5 | 126.6]106,7 | 186 . o.u1 | 1.59
' - 8.2 | 83.5 .
15.9 120.3 | 102.6 1515 12,11 | 1.85
‘ . ' .7 | 36.8
33.1 115.3 98,2 | 13534 ' - 1.84 1.99
' . ' , 4,0 22,6 |
- b6,9 112.6 | 97.5 1544 o 1.67 2,06
S ‘ R 2.7 16.4
64,2 | 109.3] 95.7 | 1557 | 1,47 2.19
- - 4.8 | 12.0 R
- 88,3 | 10k.5¢ 93.6 | 1575 -1 1.18 2,11
' : ' 5.1 8.2 |
136,6 | '97.4| 9L.0 | 1607 0.77 | 2.02
o - ’ 5.1 6.0 .
178.0 93.6 89.4 1628 » 0.52 1.98
. N3 . L,'.l L!’t? ‘ ’
219.3 91.6 88.8 1639 | . 0.37 { 2.03
: . 3.4 3.8 :
267.0 90.4| 88.8 1646 ‘ 0.28 2.00

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



96

Table B~10. Variation of Temperature and Dimensionless

parameters with L/D Ratio,

Run No.10 . Barometric Pressure | - 29.81“'Hg,

Ambient Air Temperature  . - 83,5" O,
. Inlet Air Temperature (C.L.) -120.8 °F,

Wéight Flow o - 5,41 1bs/nr.
S L/D | by ty Nae | wux | Ngr | Yor _u,HMEK/ vl
Op Op x 10
0 120.8 | 2043 | . -
. 16,9
5.5 | 117.4 | 105.0| 2056 2,20 1.48
| 13,9 |106.4
15,9 | 112.,6 | 100.1 2080 . o 1.93 1.74
¢ 1 5.8 46,8 5 . 8L
.1 | 109, 1 209 1,757 .
33.1 | 109 5 97 5.1 28.5
46,9 | 106.8 obk,9 | 2110 1,59 | "1.93
S0 5.1 20.8 .
6h,2 | 1042 92,8 2124 1.35 1.97
3 2103 A T 99
. . 10()' 100 R : . ’
88v3 ° 7 5,0 10,4 s I 200
5,6 .1 87.6 | 2181 0.89 .
13, .95 ' 5.0 7.0 ,
178,0 91.7 86.0 | 2207 : - 0.64 1.99
N _ 1.9 5.9
219.3 90.6 85,2 | 2215 |- .o 0.57 | 2.00
267.0 | 88.6| 83.7 | 2229 o 0.52 | 1.93
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Table B-11, Variation of Temperéture and Dimensionless

" parameters with L/D Ratio.

" Run No.i1l

Barometric Pressure - 29,85" Hg. .
Ambient Air Temperature - 78.6  °F,

Inlet. Air Temperature (c.L.) 5118.5 oF,

Weight Flow - 5,35 1bs/nr,
L/D th ty Nge Nux NG~ Ngr n umax/ U
Op O ' ¥ 10
0 118.5 ' 2022 -
'22.9
5.5 {1i1,7 | 97.0 2053 203.8 | 2.10 1.4
4 9.5 | 105.9
15,9 [107.8 | 92.3 2073 | 71,5 1.88 1,57
o . 4.6 k6,5
33.1 [108.7 | 90.0 2088 34,51 1.69 | 1.69
o , 5.0 28,6 .
46,9 {102.2 | 88.0 2101 24,5 | 1.55 1,92
o 3.0 20,7 ‘ _
64,2 1100.3 | 86.6 2111 17.9 | 1.42 1.89
' 88.3 | 97.1 | 8k.9 2133 ' 13,1 ] 1.22 2.02
: I L,o 10,3
136.6 | 92.0 | 83.3 2170 . 8.5 1.1t 1.95
SO 5.0 7.0 : :
178.0 | 87.5 | 79.2 2202° ' 6.6 | 0.74 1.9 -
- ' 3.3 5.9 _
219.3 | 85.1 | 79.2 2217 | - 5,1 0.56 | 1.87
‘ o . bhoh L,8
'267,0 | 83.1 | 79.2 2230 0.1 1.90
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Table B-12, Variation of Temperature and

parameters with L/D Ratio.

- 29,51 Hg.

98

Dimensionless

Run No,.12 Barometric Pressure
Ambient Air Temperature - 80.4 °F,
Inlet Air Temperature (C.L.) - 94.0 = °F,
Weight Flow - - 5.22 1lbs/nhr,
‘L/D tp ty Npe | Nyux | Nor |Nor . w ./ U
oF Op x 10
0 94,0 1965
18.65 :
5.5 | 92.4 | 87.2 | 1971 | 0.85 | 1.33
. 8.9 105.8
15.9 91,0 85.6 1980 ) 0.75 1.55
- : . - 5.3 Le .,k
33.1 | 89.7 .| 84.6 1989 0.66 1,74
' : 5.1 28.4 '
L6.9 | 88.7 | 83.9 | 1995 | 0.59 | 1.92
! 3.8 20.5
. 64,2 1 87.9 83.4 2000 0.53 1.98
. 5.4 15.0
88.3 | 86.5 | 83.0 2008 0.43 1.93
: | | 2,9 10.2 ‘
136.6 85.2 82.0 2015 0.40 1.92
_ ‘ 3.9 7.3
178.0 83.8 81.0 2023 . 0.30 1.9
e | 3.0 | 5.8
‘219.3 83.0 80.9 2028 o 0.24 1,95
: . C 2.6 b,7 g
267.0 | 82.4 | 80.6- | 2032 : 0.23 | 1.94
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Table B-13, Variation of Temperature and Dimensionless
parametefs with L/D Ratio, |

- 29.80" Hg

- 73.7 °F

Inlet Air Temperature (C.L.) -112,5 ©OF

Run No.13 Barometric Pressure

Ambient Air Temperature

Weight Flow : -~ 8.19 1bs/hr.
L/D . tm tW NRe NNU.X NGZ NGI’ L!’ U_max/ﬁ-
op OF x 10
0.0 |1i2.5 2903
5.5 | 111,7 | 95.8 2910 312,0 | 2,45 1.3%
16,3 |1i62,2
15.9 | 107.2 | 90.1 2938 109.5 | 2.20 1.46
‘ ' 11.5 71 .4
33,1 | 101.5 | 86.b& 2980 53,1 | 1,87 1.57
- 8.0 48,0
46,9 98.6 | 8u4. b 3005 37.6 | 1.70 1,74
, : v 2,6 31,8
| 64,2 97.4 | 82,2 3016 27.5 | 1.62 1,82
L 4, h 23.3
88.3 ok,8 | 81.6 304k 20.1 | 1.46 1.83
. : : . 3.1 15.9 3
136.6 91,4 | 78.8 3079 13.0 | 1.39 1.85
b 11.3 ,
178.0 87.6 | 76.8 3115 10.1 | 1.31 1.86
S 3.7 9.0 |- '
219.3 85.0 | 76.6 3148 : 8.2 | 0.95 1.86
3 . 7 7 L) l‘!‘
267.0 83.0 | 76.0 6.8 | 0.79 1.72
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Dimensionless

100

‘Table B-14, Variation of Temperature and
| parametres with L/D Ratio,
Run Nollh Barometric Pressure ‘ 9-29.32“ Hg.
- Ambient Air Temperéture - 79.5': Of
. Inlet Air Temperature (C.L.) - 96.7 '°F
Weight Flow - 8,08 - 1bs/hr.
L/D tm by Npe NNﬁJ NGz Nr s
O OF | x 10
0 96.5 j014 |- .
: ' ' 16.0 :
5.5 95.8 88.7 3015 1,15
N 15.85 163.1
15.9 | . 93.7 86.8 | 3038 1,01
_ - 7.0 71.5
33.1 92.3 85.8 3053 : 0.91
- 3.0 b3.9 _
46,9 91.8 84,8 3059 0.88
oy : 3.6 31.6
6l .2 91.0 83.7 | 3067 . 0.82
: : 1.6 23.1
88.3 90.5 83.1 3072 . 0.79
‘ . 6.1 15.7 :
136.6 87.2 81.9 3102 0.62
L b, b 11.3
178.0 85.5 80.5 3118 : 0.50
. 4 5.0 8.9
219.3 83.9 79.9 3133 0.38
c ' 3.4 7.3
267.0 | 82.8 79.5 | 3142 _ 0.29
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Table B-15. Variation of temperature and

Run No.15

parameters.with L/D Ratio,

Barometric Pressure

Ambient Air Temperature

101

Dimensionless
- 29.53" Hg

.Inlet Air Temperature (C.L.) -

Weight Flow

87.0 AOF“

7.7 1bs/nr.

L/D tn Ty Npe | NNuz | NGz Nor | Upax/T
°F °F x 154
0.0 87,0 2953
5.5 86,6 83.9 | 2955 0.6 | 1,23
- 14,6 157.,2
15.91 85.9 |. 83,2 | 2961 | 0.,k0 | 1.36
' , 8.2 68.8 |
33.1| 85,2 82.9 | 2967 : 1 0.35 | 1.53
. ' . 12,7 42,2
u6,9| 84,5 82.6 | 2973 , ' 0,30 | 1,67
64,21 84,4 82.5 | 2973 0,29 | 1.74
: - ‘ .7.6 21.2 |- '
88.3] 83.9 82.4 | 2978 .1 0.25 | 1.75
2.0 15.0
136,64} 83.6 81.6 | 2981 0.23 | 1.78
. L,6 10.8
178.0| 82.8 80.6 | 2988 . 0.17 | 1.80
. S
219.3| 82,5 80.6 | 2991 0.14 | 1,81
1 7.0 |
267.0| 82.2 80.6 | 2993 ' ~0.12
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Table B~16., Variation of Temperature and Dimensionless

parameters with L/D Ratio,

Run No,16 Barometric Pressure - 29.h2" 3g
Ambient Air Temperature - 78.3 Op
Inlat Air Temperature -111,5 OF
Weight Flow - . -~ 10.88 1bs/ar.
L/D T ty Npe | Yyux | Yoz NGrn umax/?
Op op | ' x 10
0.0 | 111.5] 3886 .
5.5 110.4 97,4 3897 415.0. 2.15 1.21
- 13.3 | 215.5
15.9 108,2 o, by 301G 145,3 2,03 1.39
A1 1. 105.1 92,6 | 3948 70.3 1.85 1.53
33 | 8.5 | s58.1 |
- Lg,9 103.1 G1.0 3968 49,7 1.73 1{58
. . 6.2 42,0
64,2 | 101.4| 89.5 | 3985 36.4 | 1.59 1.65
88.3. 98.7 87.9 Lois 4.9 gg.g 1,42 1.8
136.6 | 95.5| 85,8 | 4059 6'2 ig:% 1.23 | 1.86
178.0 | 92.4| 8h.2 | sioz 1323 1,04 | 1.85
‘ 5.8 | 11.9 |
219.3 90.0 82.8 | 4136 p 10.? 0.86 1.87
3. 9.7 .
267,0 88,4 ]. 81,7 L1555 8.9 0.75 1,87

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



'Table B-17. Variatioﬁ of Temperature and Dimensionless

parametérs with L/D Ratio, -

103

Ruit No,17 Barometric Pressure . - 29.49" Hg,
Ambient Air Temperature - 73.0  O°F,
Inlet Air Temperature (C.L.) -5648.9  °F.
Weight Flow - 5.67 1lbs/nr.
L/D tn tu NRe Nyux NGz NGr L
op Op x 10
0 648,0 636 ,
S 31.2 i
5.5 496, 5 328.8 808 170.8 4,69
- | 10.3 80.1
15,9 | 29,9 | 256.5 913 - _ 55.9 5,04
: o 6.7 36.9
33.1 363,9 207.7 1039 ' 28.1 5.32
' . _ 5.9 23.7
L6,9 323.5 179.9 1130 20.7 5.42
. 5.1 17.6
6L, 2 285,04 160.9 1231 15,8 - . 5.k5
L.8 13.3
88.3 24k, 5 142,0° 1360 11.7 5.38
.‘ ’ : ' Ll"? . 9-’4’
136.6 185.7 | 113.8 1592 : 8.9 b, 84
' . b,k 7.2
178,0 | 154.5 | 103.2 | 1729 . , 6.4 b.13
. . L.2 5.8
219.3 133.5 96.4 | 1836 5.3 3.45
: ' L.1 4.8
267.0 116.2 88.1 1886 L1 2.60
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Table B-18, Variation of Temperature and Dimensionless

parameters with L/D Ratio,

Run No,18 Barometric Pressure 5'29;?3" Hg.
Aébient Air Temperature - 74,2 OF,
Inlet Air Temperature -673.0  °F,
Weight Flow - 11.66 lbs/hr.
L/D tn by Nge Nyux Noz NGr I
OF o | x 10
0 673.0 1235
5.5 | 558.2 | 376.7 1504 297.3 b,37
~ ' 1 13,4 156.7
15.9 | 508,6 | 308.4 1628 107.4 4,59
' ’ : ' 8.6 71.1
" 33.1 56,0 262.7 1786 53.7 4,86
. : 8.75 bs,1 )
k6.9 416,0 226,0 1928 39.1 5.07
: 6.3 | 33.5
- 64,2 383.0 208,5 2057 29.L - 5.21
5.0 25.0
88.3 “349,7 188,1 2198 21.9 5.30
_ L ’ 5.5 17.7
136.6 | 288,0 156.,6 2515 15,0 5,43
. 5.0 13.2
178.0 251.3 145,9 2748 12,0 5.38
. 3.9 ° 10.8
219.3 227.8 135.9 2922 ' 2.9 5.28 .
' . ’ L".S 9'1
267.0 200.9 120.8 3157 8.3 5.09
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Table B-19. Variation of Temperature and Dimensionless

parameters with L/D Ratio,

~ 29,28"

Run NO,19 Barometric Pressure Hgz,
o Ambient Air Temperature - 69,8 °F,
Inlet Air-Temperature (C.L.) ~620,0 °F,
Weight Flow - 16,65 1bs/hr.'
L/D tn Cy NRe Nyux Now NG? »
OF OF x 10
0 620.0 1952
5.5 | 551.2 371.0 2170 6.9 ggi:g b L8
15.9 | 508.2 315.2 2327 18 %gf:t L, 69
33.1 | 459.1 271.0 25?? i gg:f h.95r
46.9 | s2b,2 | 242,9 2720 s | g;:i i.15
L,2 h11, 224.,1 2768 41,0 5.17
:8.3 365.: 203.5 | 3027 R SR PR
’ 5.8 24,7
- 136.6 | 317.8 175.5 3346 - ig:g 5.49
178.0 ' 290,8 163f6 3562 m iﬁ:g 5.57
219.3 | 267.5 152.3 3765 ig:g 5.57 -
267.0 228.0. 138.2 b1 gh 11.6 5.43
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Table B-20. Variation of Temperature and Dimensionless

Run No.20 '

parameters with L/D Ratio,

Inlet Air Temperature

 Weight Flow

Barometric Pressure

Aribient Air Temperature

- 29.55" Hg

-_68;3 OF
665.0 °F

- - 20,07 1lbs/hr,

L/D tm tw NRe NNux NGz NGr
°F °F x 10
0 665.0 2175
5.5 607.2 396,0 2L05 , : b,25
: 19.9 261.1 _
15.9 558.8 | 331.6 2596 4,51
33.1 526.,0 290,2 2745 . : L.,70
: 10.9 73.4
16,9 Lb91,3 271.4 2915 : L.,90
o : : 13,9 54,0
64,2 it 6 260.7 3160 ©. 5,08
: , 16.8 41,6
88.3 377.2 243.7 3582 : 5.41
: . - 13.6 29,9
136.6 305.5 203.4 4163 5,72
, . 16.9 22.6
178.0 252.2 181.8 | 4722 : 5.73
. 24,7 18,97
219.3 207.2 172.9 | 5326 ' 5,54
‘ 26,2 | -15.9
267.0 178.7 157.7 5738 ‘ 5.14
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Table B-21. Vafiation of Temperature and Dimensionless

"parametefs with L/D Ratio.

" Run No.2!  Barometric Pessure ' - = 29,63" Hg.
Ambient Air Temperature '~ 73.6 OF,

Inlet Air Temperature (C.L.) -605.0  °F,

Weight Flow _ ~ 22,59 1lbs/hr,
L/D tm 2% Nge Nyux | Yoz Ny "
°r | °F x 10
0 605.0 2720 _

5.5 556,2 373.0 2924 , 4,36
15.9 302.1

15.9 525.,0 318.6 3072 4,50
~ 9,0 134.9

33.1 Lgs,8 302,9 . 3225 ' L, 64
‘ . ' 4 12,2 8L . L

46,9 YR 299.6 3390 : 4,78
P ‘ ‘ 19,1 . 62.5

64,2 423.3 295.5 3684 5,00
C 2L, 4 | 47,4

88.3 367.5 277.5 k109 _ : 5.23
, 28.9 3h.1

136.6 286.5 235,3 4893 : 5.47
_ ‘ 17,2 25.6

178.0 259.4 213.2 " 5220 ] 5,44
- 25.4 21.1

219.3 226,2 188.2 5688 5.31 -
- 27,0 17.8 |
. 267,90 162,54 159.8 | 6237 L,98
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APPENDIX -~ B

Variation of ¥Wall Temperature with L/D Ratio,

Table c?ll - .'. ‘ : Table C-2,
Weight Flow .' - 6936.1bs/hn Weight Flow "= 0,37 1bs/nr,
- NRei - 593 . NRei - 590
t1 (C.L) . 9l,0 OF. t1 (CoL) -111,5 OF
L/D . tw to L/D tw to
| OF : OF OF OF
o | | 7s.8 o | | 71,6
5.5 84,9 75.8 | 5.5 | 919 | 7.6
1509 81.7 75.8 15.9 845 71.6
33.1 7945 75.8 | 33.1 79.4 | 7146
1609 | 7843 75.8 | 46,9 | 76,6 | 7.6
6l .2 77.5 | 7548 64,2 .8 | 71.6
8843 76,8 75,8 -| 88.3 . . 7365 71,6
136.6 7641 75,6 136.6 72,2 71k
178,0 | 75.8 7506 | 178.0 | 72,0 710k
219.3 75.8 | 75.6 | 219.3 71.9 714
zéfoo | 75.8 7506 2670 7149 7104
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Variation of Wall Temperature with L/D Ratio,

Table C=3, - ‘ Table C-4,
Weight Flow j- 0033'1bs/hi~° Weight Flow = 0,42 1bé./hr°
" Npei - 608 Ngei . = - 624
t; (C.L) . - 82,6 °F ty (CL) = 132,2 OF
L/D by by L/D . £ to
op Op op ~op
0 | | 72k 0 | 70.8
545 7702 72,4 5.5 101,0 | " 70.8
15.9 7h.8 72,4 1549 | 90,1 70.8
334 | 73.6 7204 33.1 | 82,9 |.70.8
46,9 | 72.9 72.4 | 46,9 78.8 | 70.8
gh.2 | 72,6 724 | 6b,2 76.0 70.8
88.3 72,5 | 72 | 88,3 | " 73.8 | 70.8
136.6 - | 72,5 72,4 | 136.6 L 7LGb 70.6
178.0 72,5 | 72,4 | 178,0 | 71,0 .| 70.6
2193 72,5 | 724 | 219.3 70s7 | 7046
267.0 72,5 724 | 267.0 | 70,7 | 70,6
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Variation of Wall Temperature with'L/DvRatio°

Tabie C=5, - . Table C-6,
Weight Flow i— 0;404 1bs/hr) Weight Flow . 0;59 1bS/hr.
NRei - 620 . NRei - 1020
t; (C.L) '~ 143,5 °F ty (C.L) - 79,3 °F
L/D‘ by to L/D - ty to
OF OF op oF
o | | 81,3 | o | . 20,9
5.5 14,6 | 81,3 |- 5.5 | 745 7049
15,9 | 103.0 | 81,3 15,9 | 73.2 | 7049
33.1 94,0 | 81.3 33,1 72,3 70,9
46,9 |- 89.9 | 81.3 | 46.9 7.9 | 709
6l 2 87,0 | 81.3 B2 7.6 | 70,9
88,3 | 847 | 8.3 88,3 | 7.5 | 70,9
136,.6 82,3 81,3 136.6 71,1 | 71,0
178,0 | 80.6 | 80,4 . | 178,0 7.3 71,0
219;3 80.5 | 80,4 219.3 71,3 71,0
267,0 80.4 | B804 | 267,0 7143 7140
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Variation of Wall Temperature with L/D Ratio.

Table C-7, | Table C-8,
Weight Flow - 0,70 1bs/nr. | Weight Flow - 0,685 1bs/hr
NRey. - 1082 Npes a 101k
£1 (C.L) - 121,5 OF t1 (CL) -~ - 1435 OF
o | ote . |ty L/D tyy to
oF oF oF oF
0 o 69,5 o | | 81.6
5.5 92.3 69.5 5.5 | 1103 | 81.6
15.9 84,8 69.5 15,9 | 100.7 81.6
33.1 82.5 | 69.5 | 331 95.4 | 81.6
46,9 | 77.8 69.5 | 46,9 | 91.9 | 8i.6
6,2 75,8 | 69.5 | 6b.2 88,8 81,6
88,3 | 74,0 69.5 | 8.3 | 86.2 | 81.6
1366 72,2 69.6 | 136.6 83.0 | 80.1
178,0 71,0 69.6- | 178,0 80.4 | 80,1
- 21903 ' 704 | 69,6 | 219.3 80,2 80.1
267,0 20,4 69.6 | 267.0 | 79,1 80,1

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




-Variation of Wall Temperature

Table C~9,

with /D Ra

Table C-10,

tio,

112

Weight Flow ‘= 0,64 1bs/nr,

Weight Flow

0,912 1bs/hr,

NRei - 1022 NRei . - 1415 |
£1(C.L) - 107,2 °F £y (C.L) - 113.5 OF
L/D ty to L/D ty to
oF oF oF oF
0 7943 0 7742
505 9302 7943 505 95.4 77,2
1549 88.6 79.3 | 15.9 90,6 77,2
33,1 86,7 7943 33.1 87.0 77.2
46,9 | 846 79.3 | 6.9 | 85. 77,2
6l 2 83.1 79.3 | "64,2 835 77.2
88,3 81,8 79.3 | 88.3 8149 77.2
136.6 79.8 78.5 | 136.6 79.6 77,2
178,0 78.5 78,5 | 178.0 78,8 77.2
| 2193 7845 77,2
267.0 78,1 77.2
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" Variation of Wall Temperature

with L/D Ratio.

Table C-12.

Table C-11.
Wéight‘Fldw ;71.06 1bs/hr. Weight Flow :— 0.96 1lbs/hr.
Npej - 1513 | Nges . -1515
£ (C.L)  -126.6 °F t; (C.L) = - 110.8 °F
o | ote | to L/D ty o
OF OF OF CF
0 68.7 0 73.3 .
5.5 98,5 | 68.7 5.5 91.5 73.3
15.9 90.2 68.7 15.9 86.4 3.3'
33.1 84,0 68.7 3.1 | 83.0 | 73.3
469 81.0 68.7 16,9 80.9 | 73.3
6.2 78,7 | 68.7 " | 6u.2 79.2 | 73.3
88.3 | 75.9 | 68.7 88. 3 7.8 | 73.3
136.6 | 72.9 | 68.9 | 136.6 6.9 | 73.0
178.0 | 72.3 | 68.9 | 178.0 .5 | 73.0
219.3 71,4 | 68.9 219.3 7.5 .| 73.0
267.0 70,4 68.9 - | 219.3 74 L 73.0
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Variation of wall Temperature with L/D ratio.

Table C-13. o Table C-1l4.
Weight Flow « 0,89 1bs/hr, | Weight Flow - 1.3 1bs/hr.
NRei - 1535 NRei - 1820
1 t4 (c.n) - 81,0 °F ty (C.L) ~ -153.4 OF
L/D by to L/D g to
°F Op OF oF
0 - 70.7 0 73.4
5.5 | 757 | 7007 | 5.5 | 115 73.4
15.9. | 7%.1 70.7 15.9 | 105.5. | 73.b
33.1 73.2 20,7 | 331 97.2 | 73.4
469 | 72,6 70.7 86,9 | 92.5 | 73.1
enz | 7201 707 | euz | 887 | 73.4
8e. 3 1 7109 70.7 88.3 | B8s.0 | 73.%
’i136.6 71,5 70.1 136.6 81.0 | 73.4
178.0 7.3 70.4 | 178.0 78.8 | 73.4
209.3 | 711 | .70 | 219.3 8.6 | 73.1
267.0 | 71.1 | 70.1 267..0 774 73.4

N -
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Variation of Wall Temperéture with L/D Ratio.

Table C-15 Tabie c-16
Weight Flow .-.1.37 1bs/hr, Weight Elow - 1!98 1bs/nr.
Ngei - 1965 NRei - 3020
t; (C.L) - 144,6°F | 5y (c.L) - 1225 °F
/D by - t, L/D ty to
°F oF °F op
0 ',. 71.9 0 77.7
5.5 _ioé.l 71.9 . 5.5. | 100.6 77.7
i5.9 100.1 7.9 15,9' 95.6 77.7
33 | gk 7.9 331 | 93.0 | 77.7
u6,9 | 89.6 71.9 . 46,9 | 90.2 77.7
ez | 8.9 | 7.9 642 | 88.6 77.7
58;3 .84.1 71.9 88.3 -| 87.0 77,7
136.6 79.6 71.4 .136;6 84 .4 77.8
178;0 78.3 714 | 178.0 83.6 77.8
219.3 6.8 | 7.k | 219.3 82.2 " 77.8
267.0 75.2 71.4 267.0 81.0 77.8
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Variation of Wall Temperature with L/D Ratio.

Table C-17 Table C-18
weight.F;ow - 1.88 1bs/hr. | Welght Flow - 1.83 1bs/hr.
NRei - 3050 NRei - 3100
ty (C.L) - 97.1 °F 1ty - 86.n OF
L/D |ty | to L/D ty. to '
°rF . ~ OF Op °F
0 | 77.6 0 _ 71.3
s.s | 88 | 776 5.5- | 78.6 71.3
5.9 | 8.3 | 77.6 15.9 | 76.9 7.3
. 33.1 8l .4 77;6 33.1 76.1 71.3
46.9 83.3 77.6 46.9 75.2 71.3
6.2 82.7 77.6 6.2 | 74,7 71.3
88.3 | 81.8 77.6 88.3 .3 | 713
136.6 80.4 77.9 136.6 73.5 71.4
17800 | 797 | 7709 | 17800 | 73.0 714
209.3 | 79.5 | 7.9 | 2193 | 728 | 7.
267.0 79.3 77.9 267.0 72.0 714
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Variation ovaali Temperature with L/D Ratio.

Table C-19.

Table C-20.

Weight Flow - 1.75 1bs /nr. Weight Flow - 1.92 lbs/hr.
NRei -.29?5 Npei _ --3010
ty (C.L) - 87.8 °F £, (C.L) - 11£,7 OF
L/D ty .|  to LD |ty t,
op op Op Op
0 76.8 0 79.5
5.5 82.1 76.8 5.5 99.0 | 79.5
15.9 81 .1 176.8 15.9 95.5 | 79.5
.35.1 éo;7 . 76.8 33.1 93.0 ?9f5
6.9 | 80,1 76.8 46.9 | 90.5 ?9.5
h.2 | 79.2 76.8 64,2 89.3 - 79.5
88,3 | 78.7 | 6.8 88.3 87,6 |- 79.5
'136.6 | 77.6 75.8. | 136.6 8%4,9 79.5
178.0 | 76.8 | 75.8 .| 178.0 | 84.3 79.5
219.3 | 76.8 75.8 219.3 83.4 | 79.5
267.0 | 76.8 75.8 | 267.0 | 82.5 79.5
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Variation of Wall Temperature with L/D Ratio.

Table C~21.

Table’C-ZZ.

118

'Weight Flow - 2.38 1bs/br. Weight Flow - 2,32 lbs/hr.
- Ngei - 14060. Npei - 4000
by (d.L) - 92,5 °F t; (C.L) - 91.7 °F
L/D . toy to L/D ty to
Op oF e Op
0 70,6 0 70.4
5.5 | 82.1 | 70.6 5.5 | 81.6 70,1
159 | 79.6 70.6 15.9 | 79k 70.4
331 | 78k | 7046 3.4 | 7.8 | 70.b
1 s6.9 77.0 70.6 46.9 | 76.5 70.4
| 642 76.3 70.6 4.2 |- 75.9 70, L
' ‘88.3 75.7 70.6 88.3 75.2° 70.4
| i36.6 w3 | 71.0 136.6 73.9 - 70.1
i78.o ‘ .73.6 71.0 178.0 73.2 70.1
219.3. | 73.5 71.0 219.3 73.0 70.1
267.0 72,9 71.0 267.0 72,4 - 70.1
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Variation of Wall Temperature with L/D Ratio.

~ Table C-23. ; Table C-2U,
| Weight TFlow =~ 2,21 1bs/nr, | Weight Flow - 2,93 l.bS/h;‘;
NRei - 39k0 NRei - 3880
: t; (C.L)  -129.5 °F ty (C.L) - 173,9 °F
L/D - to, te L/D t, tg
°p OF | oF op
o 73.8 0 - 82.0
5.5 | 103.5 | 73.8 5.5 | 131.5 82.0
15.9 . | 97.k | 73.8 15.9 | 12105 | 82.0
33.1 93.5 | 73.8 33.1 | 114.8 82.0
46.9 91.1 73.8 k6.9 112.6 82.0
. 64,2 89.9. 73.8 64,2 110.0 82.0
88.3 | 87.6 | 73.8 1 88.3 | 106.3 82.0
136.6 | 84.5 | - 73.7 136.¢ 104.3" | 81,1
178.0 | 82.7 73.7 178.0 | 100.0 81,1
219.3 | 81.9 | 73.7 219.3 | g6.0 811
267.0 80.5 73.7 267.0 91.0 81-.1
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APPENDIX - D

Variarion of Local Nusselt Number Ny, , With tp/ty

at L/D = 24,5

(.The local Nusselt number Nyuxs mean temperature 12
and wall temperature tur &t L/D = 24,5 were evaluated
and interpreted by taking observations at L/D = 15.9 &

33;1 respectivelyg)

 NRei NRex Njux ty -ty ty
op OF OF
Table D-1.
608 611 5.27 82,6 76.7 74,3
590 612 6,73 111.5 90,4 82,0
620 672 6.5 | 3.4 | 113.0 98.8
615 619 2.5 85,0 83.5 . | 82.4
504 608 6.0 94,0 86,7 82,7
575 596 5.7 107,0 ol ,6 88.1
Table D=2.

636 996 6.7 648.0 | 306.9 | 231.9
1020 1022 L,22 79.3 75.6 72,6
1082 1112 5,11 121,5 98,2 83,7
1014 1070 5.25 143,5 116.3 ' 98,1 -
1022 1052 5.9 108,0 96,5 87.7

987 992 6.33 86,0 83.7 81.6
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Variation of Local Nusselt Number Nyux , with tm/tW

at L/D = 24,5

( The local Nusselt number NNux, mean temperatﬁre tm,'

and wall temperature ty, at L/D =24,5 were evaluated

and interpreted by taking observations at L/D =15.9 &

33.1 respectively,

NRei 'Nﬁe“ NNux ti tm tw
op OF . oF
| Tav1e D-3,
115 1445 8.65 | 113,5 98,9 | 88.8
1535 1537 | 6.43 81.0 77.3 | 73.9
. 1513 1550 7,68 126.6 1040 87,1
1470 | 1524 o7 131.5 | '117.8 | 100.4
1509 | 1546 6.0 1045 97.5.| 87.5
1513 1531 4,8 90,0 85.9 | 81.8
Table D-l
1900 1941 4,38 | 115.5 99.2 | 85.8
1955 2005 7.0 | 1446 119.5 | 97.1
1965 1985 5¢3 ok,0 90,4 85,1
2043 2088 5.8 120,8 111,1 98,6
2022 2030 4,6 118.5 106,3 91.2 ..
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Variation of Local Nusselt Number Ny, with tp/t,
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(The local Nusselt number Ny,y, mean temperature t ,

and wall temperature ty, at L/D =24,5 were evaluated

and interpreted by taking observations at L/D = 15,9

& 33.1 respectively,)

NRei Npex Nyux ty tm Ly
Op OF
Table D-5. ’ ' ,
3175 3238 8.85 135.5 118.0 98.1
3100 3128 8.39 97.2 90.7 | 8k.2
2975 2978 5.12 87.8 85.1 80.9
2772 2840 6,94 142,1 123.1 | 100.9
3020 3040 7.29 122,5 109.0 94.3
12903 2950 | 11.5 | 1125 | aom.k 88.3
3014 3045 7.0 96.5 93.0 86.3
2953 296L 8.2 87.0 85.6 83.1
Table'D-é. :
3940 3970 9.48 129.5 | - 113.7 95.4°
3880 3930 7.32 | 173.9 150,6 | 116.7
4060 4070 | 10,94 93.7 85.9 | 79.0
3998 4005 7.61 89.7 83.3 76.9
3886 3933 - 9.9 111.5 106,7 93.5
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o . APPENDIX E
ANALYSIS AND EFFECT OF TEMPERATURE ERRORS

For computing the true temperature of a gas from the
reading of a thermocouple, placed in a.gaé stream and in
lsight of surrounding walls that may be at various temperatures,
a heat balance is used énd'isAgiven by:
Qgr * Q¢ = Ar * Ak
" where Agr is the rate of heat flow between gas and the
" thermocouple by the mechanism of gas radiation, g, is the
rate of heat flow between gas and thermocouple by convection,
qa, is the sum of various terms representing the radiant heat
interchange between the thermocouple and the various surfaces
that it sees, and q; 1is the heat conducted from the thermo-
couple to the walls confining the gas stream. In thé case of
a gas stream having a true temperature Tg and flowing through
a duct of diameter large compared ﬁi?h-that of the thermocoupié'
at temperature Tt' the inner surfaces of the wall having
constant temperature Ty, a heat balance on the thermocouple
gives tﬁevequation: ' .

o
RS
Qgr + hehy (Tg - Tg) = 0,171 (gAt)[(l;O - ( [O“S)J+ a ... (21)

where h, 1is the convective heat transfer coefficient, €t is

is the surface area of

the emmissivity of the surface and Ay

the thermocouple.

Equation (21) may alsc be written as:

qu‘ 4 hCAt (tg - tt) = hI‘At (tt - tw.) + Ay o e e (22)

-~
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where h,. is the radiation heat transfer coefficient. For
- the present inveétigation Qgr and q) are ﬁegligible compared
with q, and q,. Equation (22) simplifies to:

té -ty = (g - ty) (h./he) . woeoeoe (23)

For the thermocouples used hr and hc can be assumed to
have ‘the values egual to 4 (Ref.21) and 25 (Ref.32) respectively.

Figure B shows a typical pipe section

(2) : tn2y tuz

(1) o tmis tu
' Fig B.
tyy & tyy are the mean and wall temperatures at (1), tho & tys
are the mean and #all temperatures at (2)., We assume that t, 4
and tmé need correction whereés twl and ty,, are correct,
The effect on the locel Nusselt number due to the

temperature correction is given below:

FOR LOYW TEMPERATURE:

Typical values of tmis Yw1s tpo 2nd tyo are

t 120.3°F .ty = 100.7°F

i
i

ml

t

112,2°F tus = 95.4° F

m2

¥~ Ve 4- .
corrected values of tml ané tmp are:

ot
i

120.3 + (120.3 - 100.7) x 4/25
= 123.4° F
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= 114.,9° F -
N = Constant x

Nux

(tml v too Ty H Emb>
.2 2

Nyux (Before correction)

120,3 - 112.2
Constant x

232,5 - 196.1
2 2

g

Constant x 0,445

Nz (After Correction)
123.4 - 114,9
= Constant x ‘
©238.3 _ 196.1

2 2

I

Constant x 0,403

In the above example with the temperatures as chosen
the correct value of the local Nusselt number is 9.5% lower

than the value calculated without tedperaturé correction,

FOR HIGH TEMPERATURE:

Typical values of t 4, Ty, tyo and ty, are:

t 456, 0°F Lty = 262.7°F

nl
229,0°F.

It
4

@]

Corrected values of tml and tpo are:

ct
i

456.0 + (456.0 - 262,7) x L/25
486.,9° F

it
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tnoe = 416:0 ¥ (416.0 - 229.0) x 4/25
= 446,0° F -

NNux (Before correction)

= Constant x :

872,0 _ Lo1.,7
2 2

= Constant x 0,21

N (After correction)

Nux
: Li46,0

i

486.9

Constant x

932,9 _ 491.7
-2 2

. Constant x 0,185

In the abové'exampie with the temperatures as chosen
thé oorfeot’value of the local Nusselt number is 12% lower

than the walue calculated without temperature'oorrection.

The local Nusselt numbers as given in graphs and tables
could be as high as 15% above the correct value. As the L/D

ratio increases,the percentage error will decrease beconming

smali at high L/D,
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HOT WIRE ANEMOMETER.
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