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ABSTRACT

The non-isothermal flow of air in round vertical pipes at low
velocities was considered in the present work, The results were
generalized to apply to other gases, however, the results were only
confirmed when air was used,

The relation for radial velocity distribution in a vertical
pipe was derived analytically. Heat transfer and temperature
dependent properties were both taken into account in the derivationms,
The analytical velocity distribution equation could be solved only if
we had the temperature distribution, The radial temperature profiles
at various cross-sections along the vertical axis of the pipe were
measured experimentally,

It was observed in this work that the eddies caused by natural
convection were present at Reynolds numbers below 2000. Because of
these eddies it was necessary to introduce the eddy diffusivity (€M)
term into the momentum equation, The magnitude of €M was lower than
that for isothermal turbulent flow. The velocity profiles for noun-
isothermal flow were more elongated in the central region as compared
to the isothermal laminar velocity profile,

It was also found that the local Nusselt number (NNuX) was higher
than the one caiculated analytically by Kays (23) by assuming laminar
flow below NRe = 2000, Finally an attempt was made to compare the non-
isothermal friction factor with the isothermal friction factor. The

non-isothermal friction factor (fn) was lower than the isothermal

friction factor (fi)'

iii
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NOMENCLATURE

Dimensions are given in terms of mass (M), length (L), time (T),

temperature (@) and heat (H),

A = cross-sectional area, L2

A, = surface area, 2nr,dx, L2

Cp = specific heat at constant pressure, H/Me
d, = inside diameter of pipe, L

g = acceleration due to gravity. L/p2

g, = conversion constant,

H = height, L

h = heat transfer coefficient, H/L2T9

hg = fluid friction loss in pipe. L

k = thermal conductivity. H/LTQ

P = pressure, M/ip2

q, = rate of heat flow through pipe wall, H/T

q,' = rate of heat flow through pipe wall per unit area, H/TL2

qr = rate of radial heat flow at radius r, H/p
r = radius, distance from tube centre, L
r, = inside tube radius, L
T = absolute temperature at any radius, 6
T, = mean absolute temperature, 6
t = temperature in fahrenheit at any radius, @
u = velocity in x-~direction at any radius. L/T
u, = mean velocity, L/p

vii
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x = distance from the entrance., L

dx = length of small section of tube, L
€ = mass density at any radius. M/;3
6; = mean density, M/L3

p = absolute viscosity. M/;p

v = kinematic viscosity, L2/T

€y = eddy diffusivity for heat, L2/T

€M = eddy diffusivity for momentum, L2/T
X = thermal diffusivity. L%/g

T' = shear stress, M/LT2

B = coefficient of thermal expansion l/e
N = Re 1d ber EE
Re ynolds num ”
3
N . = Grashof number M
Gr ve
hd
NNu = Nusselt number =
f = friction factor dioh,-dET
posd
w tm dx
viii
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CHAPTER I

SURVEY QF THE LITERATURE

The analysis of non-isothermal flow of gases in circular
pipes has been considered in referemces 2, 3, 10, 11, 12, Most
of these analyses were based on certain assumptions such as:

(1) Uniform wall temperature or

(ii) Uniform heat flux or

(iii) Uniform internal heat generation or

(iv) Constant fluid properties, i.e, fluid properties

do not vary with temperature,

Most of the work done on non-isothermal laminar flow of
fluids in round pipes has been analytical. R. G. Diessler (2) in
his paper predicts analytically the radial distribution of velocity
and temperature for fully developed laminar flow of gases with fluid
properties being variable along the radius, This analysis is
applicable to flow in horizontal pipes, The analytical relations
for temperature and velocity profiles obtained in this paper are
valid at large distances from the entrance, The following assump-
tions were made:

(a) The velocity u at any given distance from the wall is

independent of distance along the tube,

(b) The difference in temperature between the wall and a
given radius is independent of the distance along the
tube,

(¢) The viscosity, the thermal conductivity and the density
vary with temperature,

Tt was observed from the velocity profiles that the heat

addition sharpened the peak in the centre vegion of the tube whereas

heat extraction caused a flattening at the centre of the tube, The

1
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2

changes in sharpness of the temperature profile at the tube centre with
heat addition and heat eXtraction were in the same direction as those
for velocity profiles,

T. M, Hallman (10) attempted to predict the flow and heat trans-
fer characteristics for a fluid flowing in a vertical tube under the
conditions of combined forced and free convection, His solutions are
valid only if the temperature and velocity profiles are fully de-
valoped, He considered the fluid properties as constant and a uniform
heat flux at the wall of the pipe. The following two equations were

solved to find the temperature and velocity profiles:

1 d/_ du Cpgo _ 1 fdp @ g

1 d do CgCpdn _~  Q

fa (- ) e (1-2)
Where @ = the difference between the temperature at some

radial position and the wall temperature at the

same section
Q = heat source term BTU/sec, (cu.ft,)

mass density of fluid at wall 1b sec:a/ft:LL

it

e w

The result of large free convection effects in combined forced
and free convection flow is to decrease radial temperature differences
and increase Nusselt numbers over those for pure forced convection
heat transfer, An increased free convection effect also changes the
axial pressure gradient from that for pure forced convection,

R. L. Pigford (3) in his paper considered mathematically the
heat transfer to a fluid flowing in laminar motion through a vertical
tube, He considered the variation of density and viscosity with the
temperature, He allowed the viscosity to vary in the radial direction
only. He assumed that the velocity profile is partly established
when the fluid enters the vertical pipe, It was also assumed that the

wall temperature tw varies linearly with distance along the tube and

the temperature distribution is given by:
_6:1/3~1 r
9) ( 'R)
3
e”% ds

(1-3)

ry t-tw_ 1
(f5<§f_ t,- tw 3]
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Where r = radial co-ordinate in tube, ft,
R = radius of tube, ft,
s = dummy dimensionless variableused in definite integral
6 = dimensionless quantity related to Graetz number
t; = temperature of entering fluid

It was found that the effect of a natural convection driving
force, was smaller, the larger the flow rate., It was also noted
that the normal parabolic velocity profile was distorted even though
natural convection may be absent,

Hanratty (12) presented experiments and calculations to
illustrate the effect of heat transfer on water flow in a vertical
tube at low Reynolds numbers, He pointed out that the density variation
plays a more important role than viscosity and a change in density
causes a change in the force of gravity on a volume of £luid, A stream
of dye was injected in the centre and the effect of heat transfer upon
the field was reflected by distortion of the dye stream path, It was
found that cooling the fluid in upflow gave rise to an unstable flow
field, The fluid near the wall was retarded and the velocity gradient
at the wall could become zero, It was observed that at a Reynmolds
number of 50 and a temperature difference of 10°F between the heat
transfer medium and the incoming water produced complete turbulence
throughout the flow field, The distortion of the flow field was
explained by considering the effect of natural convection upon the flow,

Brown (2l) points out from his study of combined free and forced
convection at low flow rates in a vertical tube that for water with
density increasing from bottom to top the flow was generally turbulent
even for Reynolds numbers as low as 50, He reached this conclusion
because of the fluctuation of the temperature of the water at a
particular cross-section, The amplitude of the fluctuation of the
temperature was %(T - Tw). The wall temperature Tw was also fluctuating,

He also observed that the Nusselt number was higher at these low

Reynolds numbers than the Nusselt number calculated from the laminar

flow theory,
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L

Yamagata (7) considered empirically the effects of free convection
due to changes in density on the mean coefficient of friction and the

mean dimensionless coefficient of heat transfer (Nusselt number) which

were given by:

6l
o= o= Fr Vs (1-1)
h .
= E) Y, (1-5)
Where 4)f = 1+ C (Gr,Pr)"

1+ K (6r.pr)"

1
Z
.

32
( “1) F (-;f

-«
=3
i

+, " :

lJ’w [S)
1 -(1--—<)F —
( p’l) ( )

;% )ii, C, m, K and n are the factors which depend on the properties

of the fluid and their magnitude could be found from the experimental

data,.
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CHAPTER 1II

INTRODUCTION TO PRESENT PROJECT
AND
ANALYTICAL DERIVATIONS

Most of the papers mentioned in Chapter I and others on the same
subject of non-isothermal flow of fluids in circular pipes made
assumptions of the type described in the first paragraph of Chapter I,
In practical problems of non-isothermal flow of fluids in pipes
(e.g. heat exchangers, chimneys, etc,) it is noticed that the wall
temperature does not remain constant in the axial direction, The wall
temperature may or may not follow the linear law as assumed by Pigford
(3). The case of uniform heat flux is also quite rare in practical
problems, Lastly, for most of the fluids used in actuwal practice, the
properties such as demsity, viscosity and thermal conductivity vary
considerably with temperature and the assumption that the fluid proper-
ties do not vary with temperature could introduce considerable error.

It was felt necessary to treat the case of non-isothermal flow
of gases at low velocities in vertical pipes where none of the
assumptions made by the previous authors 2, 3, 10, 11, 12 are used,
i,e, a more practical case, The property variations in the radial
direction as well as in the axial direction were considered, The
variation of temperature along the radius as well as along the
direction of flow was measured experimentally, Knowling the temperature
profile at a particular cross-section, the velocity profile was
calculated by making use of the momentum equation, An attempt was
made to compare the non-isothermal friction factor with the isothexrmal
friction factor in the vertical pipes, as well as to compare the

local Nusselt number (N, ) for the present case with the ones

NU
calculated for the cases where either the wall temperature was constant

or there was a constant heat flux,
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We now outline the analytical investigation for laminar and
turbulent flow of gases in vertical pipes with heat transfer and fluid
properties being variable along the radius,

(a) Analytical approach for calculating the variation of velocity

along the radius --

For steady isothermal turbulent flow in a circular tube at a
large distance from the entrance where the mean radial velocity is
zero, the Reynolds momentum equation (when cylindrical coordinates

are used) reduces to

& 1

. .1 ¢ (r TV) 4._3 _3. (ur Ju (2-1)

?? % r or ér 5?)

o

Iy
‘g

where u' is the turbulent fluctuation in the x-direction and V!
is the fluctuation in the radial direction, The first term in
the above equation (2-1) represents the pressure forces, the
second term the forces due to turbulent fluctuations in the mean
flow and the last term the forces due to viscosity of the fluid,
The equation (2-1) is perfectly satisfactory for application
to problems of forced convection wherein the body force due to
gravity would be expected to be small in comparison to the inertia
forces of the motion, At low velocities the effect of free con-
vection will not be negligible. 1In free convection, it is the
body force which sustains the fluid motion and hence it certainly
must be included in the equation (2-1),
The body force is generally referred to as the buoyancy force,
The variation of density with temperature as represented by the
coefficient of thermal expansion B is an important factor in

natural convection and-is given by

=e_§ (1 + BRAG)

O ol

*2
Q

where A8 = T - Ta

or =1 + B[§9
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ea is the density at ambient air temperature Ta and Q is the

density of the fluid element at temperature T,

For a perfect gas if the pressure variation is small

— T e e

orBA6=%E--1
= 28
a
1

B =3z

~~
g
)
t
av)
N’
lw

Buoyancy force per unit mass =

|
—
L]
]
=3
[+\]
09 '00

Now we can write the equation (2-1) as

TUNE™ 1 ) r_ ou 8
)+er &(ugc O‘-—;)+Bgcl§9

1 2_ .1 9
p ox ~ r Jr 8¢
Using Prandtl concept of mixing length and the eddy diffusivities
the above equation can be written as

du g

5;) + B A (2-2)

d ,r e, du 1 9o
a?(gc Ma?)*qgg(u - jg-:

R
mlw

Ol
Y

(i) In the laminar flow ¢, is assumed to be zero, since turbulent

M
forces are postulated absent. 3o the equation (2-2) reduces to

1 P 1 9 r Ju g
@3_X=€?§f(llg_; 5?) + B“g—C'AQ (2-3)
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1 0P g 1 9 r_ Jdu
Tom Py M Mg
2 T N ORL (2-3)
c

The right hand side of the equation (2-3a) can be written as
a function of r because(?, A6 and p are functions of temperature

and hence of radius r,

£r) = (355 -8 £ 00) £ €
C

writing the equation (2-3a) again, we obtain

r_ Bu
3— (1 = £(r) (2-k)
Integrating both sides of equation (2-4) with the boundary
condition
at r = 0; g%--‘- 0
we obtain
r
r Ju

o}

The right hand side of the above equation (2-5) was integrated
numerically for each r and then the value of 5; for each r was known
from equation (2-5), Knowing g;, the value of u at any radius r
was readily found,

(ii) In turbulent flow, the eddy diffusivity €y has a value very
much higher than the kinematic viscosity v, €y is sometimes called
apparent kinematic viscosity and it represents the contribution due
to the momentum exchanged by macroscopic turbulent eddies,

Writing equation (2-2) again

1 oP 1 ) (

3 S5 " 5;) +B s Ja%e] (2-2)

1 9 r
Ms-> Tar b g

or %§§=%£[r ey v+ V) 55l + B 2200
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9
From the previous work (15, p 439) on turbulent flow

(NRe IOM) we know that the eddy diffusivity (eM) is a function
of the position in the cross-section of the pipe., The tempera-
ture and velocity profiles were measured experimentally and then
the values of the eddy diffusivities were calculated, So it was
suspected that the eddy diffusivity (eM) might vary across the
cross section in the present case also. But because of the diffi-
culty of measuring the velocity profile it was not possible to
evaluate €y at various radii and therefore it was assumed as a
constant across the cross section, The kinematic viscosity v

was also assumed constant was evaluated at the mean temperature,

) o 1 gP T
55 (% 5%) = (—95—}; - B 'S-C'A@) [CWERY (2-6)

The right hand side of the equation (2-6) is a function of r
and so we can write this equation in a simpler form as
3 du

57 (¥ 59 = F7(®) (2-7)

1 oP g T

where F(r) = (= <= - B = A6) (2-7a)
QE}? N (c—:M + V)

Integrating both sides of equation (2-7) with the boundary
T
condition at r = 0; g; =0
we get  du _ Jr F(r) dr (2-8)
r

o

The right hand side of equation (2-8) was integrated numerically
for each r and then the value of g% for each r was known, Knowing

g%, the value of u at any radius r could be found,

(b) Analytical approach for calculating the variation of tempsrature

along the radius --

This is an analytical approach for calculating the variation
of temperature along the radius, For obtaining this temperature

distribution, we write a heat balance for an annulus of fluid with
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10

inside radius r and outside radius (r + dr) and length dx,
qr = 27(1‘ q’ dx

I4
qr + dr = 2 (r + dr)(q + qu) dx

we now write the energy balance as fo%£?ws -

dx

\_/

Input = Qutput + Accumulation
!
onr q dx = 2¢ (r + dr) (q + dq ) dx + 2xrdr Pg u C (5—) dx

or ~2rdx (r dq' + q'dr) = 2x r dr Pg u Cp (3}—{-)r dx eee  (2-9)

(The differentials of the higher order than the first have been
neglected),

Writing equation (2-9) in a simpler form

drqd ) _ dt
o:f‘q = rQgu Cp (&)r (2-10)

Now writing the heat balance for the whole cross-section of

the tube --
2qxro q; = qrof P g Ub c (
or 24 = g U C_ (=)
° b= p o (2-11)
Dividing equation (2-10) by equation (2-11) we obtain
drq’) . 2zx € U (3e),
U. (2-12)

or = ro &, %
b b {dt)y,

ONIERSITY GF VHIDIOH LSEARY
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11,
The static pressure is assumed to be constant across the tube,

From the perfect gas law

£ b

0. T
o(rq") __2x b U (ot /ox)r
or TTR T Y% A t/ox)b

Integrating the above equation we obtain

fd(rq') = - 2}% :—b q LS Eyé?rxg- (2-13)

b
or [ - l.}- 1 ..2. r T_ 1U ( t dr (21)‘_
T =-3 ( t) 3 oT % O, 5 r -14)
dx’b
We know that the law for heat conduction is
dt
q' = - k= (2-15)
Equating equation (2-1L4) and equation (2-15)
_I(ii_E—.._];-L 1 _2. r_.:.[‘.“_).tp... (at)
a&r T Tr T (SEfSx)b Tl e T Yo U, ‘ox’r

1f we integrate the above equation we obtain

1-t=.J%[?l-+W§7m§S§0T" g q S &Ly, dér] ar (2-16)
In the above equation (2-13), t is the temperature at any radius r,

Jur main purpose was the solution of the velocity profile
equation, Since the temperature profile equation could only be
solved by

(i) knowing the velocity profile or

(ii) assuming a particular heat flux
the decision was made to measure the temperature experimentally,
This experimentally determined profile could then be used to solve

the velocity profile equation and a further advantage would be that
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no assumption would have to be made regarding the heat flux,
The experimental test set up was therefore designed to

measure accurately the temperature profiles at the various sections,
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CHAPTER 1II1I

EQUIPMENT, INSTRUMENTATION AND CALIBRATION

(a) Description of the equipment:

The equipment used for the present work was designed and
installed with the able guidance of Prof, W, G, Colborne, Shown
in figure 1 is a schematic diagram of the major components of the
test installation. Air was delivered from the fan into a 5" dia,
pipe. The air was delivered from this pipe into a 1,6" ID brass
measuring tube through a gradual reduction as shown in figure 1,
The air after leaving the brass tube entered another pipe of
4,5" ID through a short diverging piece and then entered the
electric furnace, The heated air from the furnace entered the
vertical aluminum test pipe having an OD = L,5", ID = 4, 3125"
and length = 36 ft, An inlet pressure was measured by providing
a piezometer ring about 18" away from the start of the vertical

aluminum pipe as shown,

(b) Construction of electric furnace:

The electric furnace is shown in figure 3, The air from the
k,5" ID pipe entered the bottom of the furnace through a sheet
metal transition shown in figure 3a, A wire mesh screen was
provided just below the heaters to distribute the air uniformly
across the heaters, There were five Nichrome wire electric heaters,
Four of the hoaters were 3000 Watts each and the uppermost heater
was 2000 Watts, The 2000 Watt heater was connected through a variac
for the purpose of providing fine control. The furnace was covered
with 2-inch magnesia blocks to reduce the heat loss to the ambient

air and to improve the temperature distribution entering the test

pipe.

13
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{c¢) Air supply and its control:

The air was supplied by a centrifugal fan driven by a 3-phase
1/2 H.P, motor, The air delivery of the fan was controlled by vary-
ing the size of the inlet opening to the fan, This was effected by
providing a circular metal plate which moved toward or away from
the fan inlet along a threaded rod as the plate was rotated, This
control arrangement is shown in figure 4, This meant that the air
path from the fan to the measuring station was symmetrical and
unobstructed except for the gradual reduction, which it was felt
would not disrupt the regularity of the air flow to any great

extent,

(d) Air flow measuring station:

The airflow through the entire set-up was measured by a 20
point velocity traverse across the measuring tube some 10 ft,
(75 diameters approximately) from the conical reduction, The layout
of the measuring station is shown in detail, with pertinent dimensions
in figure 5, The three static pressure taps consisted of three 5/16"
0.D. brass tubes equally spaced around the circumference of the
measuring tube, each of which was centered over a 0,05-inch hole
drilled through the wall of the tube, The inside of the measuring
tube was smoothed with emery cloth to ensure that the taps would
give a true indication of static pressure,

The total pressure tube was a hypodermic needle bent to a
right angle approximately 3/L-inch from one end, To the other end
was attached a short length of brass tubing and to this in turn was
attached a needle pointer to serve as a position indicator. An
8-inch diameter aluminum plate about 1/8-inch thick with a locking
arrangement was fixed at 3/k-inch downstream from the static
pressure taps, A guide for traversing the hypodermic needle could
be positioned at the proper point in the traverse by lining up the
needle pointer with the position marked on the guide, An indicator
needle parallel to the bent portion of the hypodermic needle was
provided on the brass tube attached to the total pressure needle to

assure the correct angle of the hypodermic needle relative to the
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direction of the flow.

The pressure lines were led to either side of the micromano-
meter which read directly in inches of water and was graduated in
thousandths of an inch, Figure 6 is a photograph of the measuring
station showing the micromanometer connected to the static and

total pressure taps,

(e) Miscellaneous instruments:

The barometric pressure was read from a standard laboratory
mercury barometer which measured the pressure with an accuracy of
0.0l-inch, The ambient air temperature was read from three thermo-
couples provided at three different heights between the furnace and
the top of the vertical aluminum pipe, The surface temperature of
the furnace was measured from time to time with the surface pyro-
meter to ensure that the furnace did not overheat, All the thermo-

couples used for measuring air and surface temperature were of

Iron-Constantan 3Q-gauge wire,

(£) Calibration of measuring station:

From the experimental work done by a number of scientists,
we know that the flow pattern for the range of velocities being
used in our present investigation is well established in a length
of 50 to 80 diameters of pipe, the indication being the shape of
the velocity profile, At the entrance under ideal conditions the
velocity profile will be perfectly flat through the cross-section
(the velocity will be zero at the wall). As the flow progresses
further and further down the pipe, the transition layer becomes
progressively thicker until a final parabolic flow pattern is
established,

The first step was to make a number of velocity traverses
for different airflows by controlling the size of the fan inlet,
Then we plotted the mean of the square roots of the velocity
pressures against the various centre line velocity pressures and
obtained a curve as shown in figure 7, Throughout the course of
our experimental work, we had the hypodermic needle at the centre

of the pipe. For any particular value of the centre line velocity
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pressure, we could find from figure 7 the corresponding mean square

root of the velocity pressure and hence calculate the quantity of

air flowing,

(g) Leakage test:

It was felt necessary that before starting the actual experi-
mental work, it must be checked whether there were any leaks between
the measuring station and the furnace because of a number of joints
between the fan and the furnace, To do this, the weight flows at
various stations along the aluminum test pipe were compared with the
weight flow at the measuring station, These values were found to

be in good agreement with each other,
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CHAPTER IV

SOLUTION CF VELOCITY PROFILE EQUATION

For laminar flow:

(a) Evaluation of £(r):

From Chapter II we have the equation

§;(u§; & - %%f;-ag—cae>r€ (2-32)
On the right hand side of the above equation, the density € and the
difference between the temperature at any r and ambient air, A0 are
functions of the radius r, To integrate this equation (2-3a), the
temperature profile for the cross-section under consideration was
required to find the properties on the right hand side of the
above equation., The g% was measured over a length of 6 ft, or\5 fe.
each side of the chosen test section with the assumption that §§
is equal to g‘; in this height of 6 ft, From the above explanation,
it is obvious that the right hand side of equation (2-3a) is a

function of r, Hence writing this equation in a simpler form,

we have
%r_ (HE gg) = £(x) (k-1)

8c

Integrating this equation, we get
r Ou iy
B = -
- 5% f(x) dr (k-2)
c 0
where

£(r) = (-lé %z— - B %—A@)rg
. c

22
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(b) Evaluation of g;:

From equation (L4-2)

du gc
or

]

£(r) dr

“r Fjr l(r) dr +{[If (r) dr + cvvuune] (4=-3)

From equation (k-3), 3— for r = r, is

I

( o Be 1f d
5_)r =14 - HiTy l(r) g
©
And g% for r =
rl r2
(5_)r =1, = [3[ £,(x) dr + f{f fg(r) dar]

and so on, Then £(r) was plotted against r for different radii
fromr =0 tor = r. To find the slope g; at any r, the area
under the curve (Plot of £(r) versus r) between r = 0 and

r=71 was measured,
reqd

Ju

St was found at various radii between r = § and r = ro in the

manner said above. Then g; was plotted against r,

(¢) Evaluation of velocity at any r:

We know the boundary conditions

at ¥ = 0; u = umax

atr=1r 3 u=20

. Ju
At r = 1, find the slope 5;'between r=0andr = 4 from the plot

. . u .
of g% versus r, Knowing the numerical value of g;, the velocity

u, at r = r, is given by

1 1
- Y1
) (h-4)

1
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~
where 51 is the numerical value of §§ from the plot of g% versus r,

The velocity u, in terms of Y oax is found from equation (h-h).

1
.. R . du
Similarly to find Uy at r = Tos find the slope ST between r = Iy
and T = I, and we can write
du _ Y1 - Y2
or T =T, By ' (&-5)

where 62 is the numerical value of g% from the plot of g; versus r,

In equation (4-5), the only unknown is u, which is easily found,

In this way, we can find u, U, Uz eseeens etc, in terms of Uk
Then plot the velocity against radius r, starting from r = 0 where
= and extrapolating this curve to the wall of the pipe which
will give the numerical value of Ut Knowing the numerical value
of u the actual velocity at each r can be found, After calcu-

max’?
lating the velocity at each r, it is easy to check the weight flow,

(d) solution for turbulent flow:

The solution of the momentum equation for turbulent flow is
done in exactly the same way as for laminar flow. For turbulent

flow the function of r is given by equation (2-7a)
F(r) = (-éé_x - B EC'AQ) ) (2-72)

To evaluate €y Ve make use of the energy equation which

involves the term €y
(3

the turbulent exchange of thermal energy. From Prandt!'s analogy,

the eddy diffusivity for heat which represents

we know that for Prandtl number of unity the eddy diffusivity ey
bears a relation to the true thermal diffusivity o(, which is
analogous to the relationship which the apparent kinematic viscosity
€40 bears to the laminar kinematic viscosity v, In our case

Npr = 0,7 which is very close to unity and we assumed that Prandtl's
analogy would apply,

The energy equation can be written as

A‘l: _Qcp (GH + ) % (4-6)
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In the equation (4-6) we know everything except the value of €y

Calculating ¢ from this equation we can find the ratio GH/O( and

H

then use the same value of the ratio for ¢ Knowing the relation

M/v®
between €y and v we can evaluate the function F(r)., Once having
calculated the value of F(r) at various radii, the rest of the
solution is done in exactly the same way as in section (a) and (b)

of this chapter,

(e) Evaluation of mean velocity:

To calculate the mean velocity at a particular cross-section,

we proceeded as follows ==

/.~

HAEATIEE AN

"-4—"5

1
1

D -

where D is the inside diameter of pipe.

Treating this as a three dimensional problem, we can write

5 X
E’D u, = f 2rrudr (4-7)

o}

The equation (4-7) can be written in a simpler form as

r
8
u = 55 J/‘ urdr
)
8 r r, Ty
or u_ = — | urdr + urdr + urdr + ...] (4-8)
m D2
o

rl r2

Then we plotted r versus ur, The area under the curve was

equal to the bracketted term in equation (L4-8).

E’NWEPQW fm/ GRS | IDRANY
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CHAPTER V

MOMENTUM EQUATION CALCULATIONS
(LAMINAR FLOW)

From the previous work 2, 3, 7 on non-isothermal flow, it was
assumed that the laminar flow exists up to a Reynolds number of
2000,

As mentioned in Chapter 1V, we shall first proceed to find the

value of the function £(r).
(a) calculation of £(x).

Station number 7, which is 18 ft, away from the piezometer
ring will be taken as an example for the sample calculatioms,
In this test the weight flow was 12,23 lbs/hr, inlet C, L.
temperature was 355°F and ambient air temperature 85°F. The

temperatures at various radii are shown in table 1,

At r = Q,25"

_ 1 32,2 0.005 x 62,4, 0.25 x Q,06692
£(r) = (- gz x32.2 x 36,1 + G5z X <57 ) 12

= - 0.0005 1lb/ft seet

At r = 0.75"

_ 1 32.2 0.005 x 62,4, 0.75 x 0.06699
£r) = (- gz x32.2 % 355+ Goppge X~ 1o w7 ) 15

- 0.00136 1b/ft sec”

In the above manner, we calculated the numerical values of

f(r) for different radii,

26
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(b) Calculation of 5"

We have from the relation (L4-3) that

r1 IZ
=S
§=I&‘i (j £(r) dr + / £,(x) dr + siiii.0 ] (b-3)
o rl

Now to find the numerical value of g; at each r, we plotted’
£(r) versus r as shown in figure 8 and then found the area under
the curve for any required r between r = 0 and r = r. reqd® The
values of 5— for various radii at the station under consideration
are shown in table 1, We then plotted 5— versus r as shown in

figure 9,
(c) Calculation of velocity at any ¥ --

From the plot of éﬂ versus r (figure 9), we can find the
slope g% at any r, At r = 0,25", we find from figure G that < au

between r = 0 and r = 0,25" is - 11, Then

ou  “Ymax - Yo,25

o o - 0.5 1
12
or uo.25 S U T 0.23
Similarly at r = o,5", g; between r = 0,25" and r = o0,5" is - 27.3
au u0¢2 - uo.
S 2 2 1 T - 27.5
(0.25 - 0.5)-@
substituting the value of u in terms of u___, we obtain
0.25 max

u = u - 0.799

0,5 max

In the same way u at any r is found in terms of U and this is

shown in table 1,

We then plotted u versus r where u was in terms of U oo 38

shown in figure 10, TFrom this figure 10, the numerical value of

u = 11,1 ft/sec. Knowing the numerical value of u__ , we
max max

found the ratio u/umax for various radii as shown in table 1,
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Then checking the weight flow as follows ==

(€ 8y v, + €, 4,0+ ceveeninns) = W Ibs/hr (5-1)
LI (0,0029%2) x 3600 = W 1bs/hr

or W= 11,1 x 0,002942 x 3600
=419.88 1bs/hr

.The measured weight flow is 12,23 lbs/hr, The calculated
weight flow differs from the measured ﬁaiue} ' It was suspected
that there might be an error in the experimental measurement of
AP between the two stations, The micromanometer can be read to
0,001 inches and the error in feading this instrument can be
: 0.001", The above set of calculations was for dP = (, 005"

of H2O'in a length of 7 ft. We repeated the calculations for

dP = 0, 0048" of H2
be 13,8 ft/sec and when dP = 0,0052" of B,
This shows that an error of ! 0,0002" can cause such a drastic
change in“the magnitude of u__, So we plotted~umax against 42

max
as shown in figure 11 and extrapolated this line from three

0 in which case the value Of-umax came out to

0, the u _ was 8 ft/sec,

points, Then another set of calculations were pexformed for
dP = 0,0055" and dP = 0,0056", since from figure 11 it appears
that U oax in the range of these two dPs might give us z vreight
flow very close to the actual value, When dP = 0,0055", the
u . came out to be 3,6 ft/sec but there was a reversal near tna
wall, The welight flow in this case was 23 1bs/hr which is stiil
twice as large as actual weight flow, With dP = 0,0056", the
U ax came out to be 2,225 ft/sec ang corresponding weight flow
was 12,6 lbs/hr. This weight flow was reasonable and was only
34 greater than the actual weight flow, But we had the velocity
profile as shown in figure 12 with a reversal near the wall,
The reversal near the wall indicates that eddies formed
- near the wall an& so the momentum equation for laminar flow can
no longer be applicable, To check these eddies, we put a piece

of plastic tube about 8" long at 20 ft, from the entrance and
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introduced smoke into the tube at various radii, We noticed that
the smoke did not go up in a streamline but in a wavy shape which
indicated the formation of eddies, The flow of smoke also indicated
that there was no flow in the downward direction,

Due to the presence of eddies it was evident that the flow
was not laminar and the introduction of eddy diffusivity to allow
for momentum exchange is necessary in the momentum equatiom, The
sample calculation for the Momentum Equation containing apparent

kinematic viscosity e, is shown in Appendix "A",

M
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Test No, 1, Station No, 7, 18 ft., away from Piezometer ring

TABLE 1
Actual Weight flow = 12,23 lbs/hr
Inlet C, L. temp., = 355°F
Mean temp., = 116.5°F
Pressure difference "
between Stn., 6 and Stgp, 8 0.005 HQO
Ambient air temp, = 83°F
T Temperature Buoyant term | Pressure term £(x) ou U in terms of u/u
(in inches) of BEAB ft:/sec2 %g% ft/sec2 1b/ft sec? or U max
0 119,1 2.1407 1,781 0 0 U ax 1.0
0.25 119,1 2, 1007 1,781 -0, 0005 -19,54 Uy = 0,230 | 0,98
¢.50 118.8 2,1229 1,780 -0.00095 |-37,1k Uax = 9799 | 0.93
0.75 118,5 2.1051 1.7796 -0,00136 |-53,2 U T 1,736 | 0,848
1,00 118.5 2,1051 1,7796 -0,00181 |-70.k4 Woax " 3,040 | 0,733
1,25 117.1 2, 0221 1.7753 -0,00172 |-82.77 uo- 4,68 0.589
1.50 115,9 1,9509 17717 -0,00150 |[-89,53 LW 6,50 0. 429
1.75 113,7 1.8205 1,7648 -0.00054 |-89,94 Uay = 8430 0. 265
2. 00 110,765 1,46h7 1.7465 +0,00320 |-67,9 Wiay ~10.20 0.105

23
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CHAPTER VI

EXPERIMENT AL RuSULTS

The purpose of the present investigation was to study the non-
isothermal flow of air in a vertical pipe and to observe the variation
of temperature along the radius at various cross-sections, as well as,
along the vertical axis at low velocities of flow, These temperature
profiles at various cross-sections were used to solve the momentum
equation to get the velocity profiles, The following weight flows
and inlet centre line temperatures at the piezometer ring were

selected to cover a range of Reynolds numbers between 750 and 1700,

Test No, 1 o) 3 N 5
W

1bs/hr 12.23 | 17.15 | 17.20 | 19.17 | 22.22

t; °F 355 | h60 | sh2 | 568 | 300

It was also decided to run a few tests for the higher velocities of
flow (i.,e. higher Reynolds numbers) for the sake of comparison of
temperature variations, The following weight flows and inlet centre

line temperatures were selected:

Test No, 6 7 8 9 1c 11
W
1bs /hir 75.66 | 76.22 | 75.28 | 180,93 | 176.9 | 179.1
£, °p 5Tk K60 355 | 4B4.3 360 %00

36

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



37
First, the opening at the fan inlet was adjusted for the required
weight flow, This was observed from the measuring station, The
required inlet temperature at the level of the piezometer ring was
then adjusted by adjusting the furnace heating elements and the variac,
1t took four to five hours for the inlet temperature to reach a steady
state condition,
For each run, the following readings were taken --
(1) Velocity pressure at the centre line of the measuring
station,
(ii) Centre line inlet temperature at the piezometer ring,
(iii) Pressure at the piezometer ring,
(iv) The temperature at each station at various r's, from the
2nd station to the 10th station,
(v) Ambient air temperature at various heights along the axis
of the vertical pipe,
(vi) Temperature of the air coming out of the fan,
(vii) Surface temperature at each statiom,
(viii) Barometric pressure,
(ix) The pressure difference between stations,
(%) An incidental reading of the temperature of the furnace
walls to ensure against overheating,
The variation of mean temperature t_, the centre line
temperature tc and the wall temperature tw along the vertical axis for

various inlet centre line temperatures and various weight flows are

shown in figures 13 to 21,

Temperature profile at a cross-section --

Figure 22 shows the temperature profiles for three different
Reynolds numbers 1261, 5240 and 11263, All these profiles are for a
cross-section 20 ft, (55 diameters) from the entrance, They are for
the same ratio of EE 0.69., As can be seen from figure 22, as the
Reynolds number inc%eases, the temperature profile gets sharper,
These curves are drawn from actual measured temperatures at various

radii for different weight flows,
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CHAPTER VII

DISCUSSION OF RESULTS

(a) Type of flow:

In most of the previous work 2, 3, 7, 9 on non-isothermal
flow of gases in circular pipes, it was assumed that laminar flow
exists up to a Reynolds number of 2000, The laminar flow does
exist up to a Reynolds number of approximately 2000 for isothermal
flow, which we know from Moody's diagram, Therefore, when this
investigation was started, we also assumed that laminar f£low
existed up to a Reynolds number of 2000 for non-isothermal flow
of gases in pipes, When smoke was introduced into the pipe at
x = 20 ft, (55 diameters from the entrance) at various radii, it
was noticed that the smoke did not go up in a stream line but in
a wavy shape which indicated the formation of eddies, The presence
of eddies meant that the flow was no longer laminar, The hot wire
probe 55A22 connected to DISA Constant Temperature Anemometer
55A01 was introduced into the pipe and it was observed that the
needle of the Bridge DC Voltage Meter was fluctuating which con-~
firmed the presence of eddies in the flow. "

Brown (24) points out from his experimental results on water
flowing in a vertical tube with density increasing from bottom to
top, the flow was generally turbulent even for Reynolds numbers as
low as about 50, The tube diameter in his work was 15 mm,
Hanratty (12) also observed in his experiments with a tube of
2.19 cm, (ID) with cooling in upflow that a Reynolds number of 50
and a temperature difference of 10°F between a heat transfer
medium and the incoming water produced complete turbulence through-~
out the flow field, He actually introduced a jet of dye into the

stream and observed its flooding with the flow field,

k8
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(b) Velocity Profile:

As mentioned above, the eddies caused by natural convection
were noticed at low Reynolds numbers, Because of these eddies,
the introduction of the eddy diffusivity term in the momentum
equation was necessary, In the normal turbulent flow which exists
at a Reynolds number of 6000 or higher depending upon the roughness
of the pipe, the eddy diffusivity is much higher than the laminar
kinematic viscosity, 1In the present investigation, the Reynolds
numbers were low, the eddy diffusivity was 5 to 15 times higher
than the laminar kinematic viscosity, The turbulence caused by
natural convection at low Reynolds numbers is a turbulence of low
intensity, A turbulence reading was not obtainable on the hot-wire
anemometer, although a rather slow velocity fluctuation was noted,
Some scientists (25) call it a non-laminar flow,

Even though there were eddies formed in the flow, it was still
expected that the buoyant effect might predominate because of the
large difference in temperature between the air inside the pipe
and the ambient air, Due to this buoyant effect the velocity
profile still might have a tendency to elongate in the central
region of the pipe as compared to the isothermal parabolic velocity
profile,

The velocity profiles obtained from the numerical solution of
the momentum equation by making use of the experimental temperature
profiles are shown in Appendix B, It may be observed from the
velocity profiles that the peak is sharpened in the central region
of the tube as compared to the isothermal laminar velocity profile.
Since the velocity profile is elongated in the central region of the
pipe, a greater quantity of air will flow in this region, This will
reduce the flow and hence the velocity near the wall because of
continuity, This ultimately reduces the slope of the velocity
profile near the wall, This effect was noticed in practically all

the velocity profiles for non-isothermal flow in the present work,

(c) Temperature variation along the axis:

If we carefully observe the variation of mean temperature e

along the vertical axis in figures 13, 16 and 19, we will notice
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that for small weight flows i.e, Reynolds numbers below 2000,
the curves are very steep for the first few feet (figure 13) and
then tend to flatten out, Whereas for moderate flows (figure 16)
i.e. Reynolds numbers between 3000 and 6000, the mean temperature
curves are not as steep as for low weight flows (figure 13),
llere the curves tend to flatten out at very near the outlet,
Accordingly, for higher weight flows i,e, higher Reynolds numbers
the mean temperature curves drop less rapidly and are less steep
than the previous curves, The lower the velocity of flow, the
higher the temperature drop and the higher the velocity of flow
the lower the temperature drop,

Exactly the same is true for the variation of centre line
temperature tc and the wall temperature tW along the vertical
axis X as it has been said for the variation of tm‘ This can be

easily observed in figures 1k, 17, 26 and 15, 18, 21 respectively,

(d) Heat transfer characteristics:

Figure 25 sh?ws the plot of local Nusselt number NNux as a

i R
function of dokRe NPr . The curves 1 and 2 were calculated by
W, M, Kays (23) by using the velocity distribution given by
Langgaarlfor laminar flow, The curve 1 shows the NNux as a function
for constant wall temperature and the curve 2 is for

of 4, N, N,

constant heat input, These curves are for air being heated in a
circular tube and are valid for Reynolds number up to 2000, Laminar
flow was supposed to exist up to this Reynolds number, The curve 3
is the representation of our experimental work and the range of
Reynolds number was between 750 and 1600, We observed turbulence
even at these small Reynolds numbers as mentioned in previous
sections, 1In our case, neither the wall temperature nor the rate
of heat loss was constant,

The curves 1 and 2 for heating and the curve 3 for cooling
seem to be almost parallel, with the Nusselt number being highest
in both cases, The Nusselt number decreases asywptotically in the
direction of flow for all the three curves, The curves 1 and 2

were drawn from theoretical results by Kays (23) for laminar flow
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with heating from the entrance and the curve 3 is drawn for cooling
from the entrance from our experimental work, The curve 3 is higher
than the curves 1 and 2 even though the Reynolds numbers are in the
same range, The reason being that we observed turbulent eddies at
these Reynolds numbers, whereas Kays assumed that the laminar flow
exists at these Reynolds numbers, According to Moody's chart, the
laminar flow exists up to a Reynolds number of 2000, but it is true
only for isothermal flow, Due toc the formation of eddies, the
Husselt number will be expected to have a higher value, From
figure 25 it is observed that the Nusselt number is higher in our
case as compared to curves L and 2,

The Nusselt number has been defined as

N - q(x) 2 g
1 -
Nux (E; tw) A k

The Reynolds number has been evaluated at the mean temperature

o at the section under comnsideration,

(e) Non-isothermal friction factor:

The velocity profile for non-isothermal flow is elongated in
the centre and flatter at the wall as compared to the isothermal
laminar velocity profile, If the flow wzs laminar for both cases
(i.e. isothermal and non-isothermal) the flatter slope at the wall
would result in a2 lower friction factor for non-isothermal case.
Since the flow in our case was not strictly laminar, there would
be a laminar sub-layer and because of that the velocity gradient
at the wall was difficult to predict accurately,

The friction factor for non-isothermal flow was calculated

from the following two equations =--

dp dp dp
__§ -+ _E + —-—g = O (7_1)
dx dx dx

2gdo - dp
£ o= S £ (1-2)

2
n em um dx
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The first equation (7-1) is just the balance of forces, the first
term represents the pressure force, the second term the buoyant
force and the last term the viscous force or the pressure drop
due to friction, The pressure drop dPg was measured experimentally
between two stations 6 ft, apart, dPp was also known since we
measured the temperature profile at each section, So knowing the
first two terms, it was easy to evaluate the last term de/dX'
After evaluating de/dx for various stations, its numerical value
was substituted into equation (7-2) to calculate the non-isothermal
friction factor £,, The isothermal friction factor f; was calcu-
lated based on a fluid temperature equal to ty of the non-isothermal
case and the same weight flow, The plot of fn/fi versus Mgy is
shown in figure 23,

Figure 24 was then plotted making use of the information from
figure 23, This shows the usual plot of £ versus Reynolds number,
The curves for the various Grashof numbers in the range of 0 x lO6

and 5 x 106 are shown in figure 24, Figure 24 shows the correlation

of £, Nge and Ngp

(£) values of eddy diffusivity €M:

As mentioned in section (a) that the eddy action was noticed
in the flow and because of that, it was necessary to evaluate eddy
diffusivity €M for the calculation of the velocity profiles, The
eddy diffusivity €y was added to the kinematic viscosity to account
for the eddy action, The formation of eddies was due to natural
convection phenomenon and therefore dependent on the temperature
difference, The values found for €M should therefore be related to
the temperature difference between the air inside the pipe and the

tm to
ambient air, The plot of €M/, versus ty  is shown in figure 26.

From this figure, it is evident that as (ty - t,) increases, the

eddy diffusivity €M also increases,
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CHAPTER VIII
CONCLUSTIONS

In the present work, the main purpose was to study the non-
isothermal flow of air in a vertical pipe at low velocities and
observe the effects of buoyant force on the veloeity profiles,

The attempt was also made to investigate the effect of temperature
on the eddy diffusivity €M, We also wanted to investigate the effect
of non-isothermal flow on the value of the friction factor, As a
result of the present investigation, the following conclusions may
be stated --

(i) The flow was observed to be non-laminar at the lowest
Reynolds number of 750 used in the present work, Brown (2&) and
Hanratty also observed turbulence for the non-isothermal flow of
water in vertical pipes at Reyunolds number as low as 50,

(ii) The turbulence associated with higher velocity flow
appeared as predicted from Moody's Chart above a Reynolds number of
2000, There was a well defined region in which there was intermittent
turbulent and laminar flow and at still higher Reynolds numbers, there
was continuous turbulence, The thermal turbulence and the mechanical
turbulence were separate and distinct one from the other,

(iii) Io the case of air which is above the temperature of the
surroundings and flowing upward in a vertical pipe with heat loss, the
velocity profile will be more elongated than the profile in the case
of isothermal laminar flow,

(iv) As a result of an elongated profile, the velocity gradient
at the wall of the pipe is less than for isothermal laminar flow,

(v) The eddy diffusivity term €M added to the kinematic viscosity
appeared to be a satisfactory method of making allowance £for the thermal
turbulence. The value of E@ was related to the dimensioinless tempera-

v
ture difference between the fluid and the surroundings,

o7
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(vi) The calculated Nusselt number (NNux) from this experimental
work (with boundary condition - heat loss varying along the axis) was
higher in the same range of Reynolds numbers than the one calculated
from the analytical solution with the assumption that laminar flow
exists up to a Reynolds number of 2000 for non-isothermal flow and
different boundary conditions {(i) constant wall temperature, (ii) constant
heat input, ],

(vii) The non-isothermal friction factor was a function of Reynolds
number and Grashof number at Reynolds numbers less than 20060, The nou-
isotharmal friction factor fn appeared to be less than the isothermal
friction factor fi in all cases within the range of this experimental

work,

URIVERSITY CF VIDRCR LIBRARY
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APPENDIX A

SAMPLE CALCULATION FOR THE SOLUTION OF

MOMENTUM EQUATION FOR TURBULENT FLOW

The calculations presented here are for Station 7, Test No, 1

(the same as that used in Chapter V),

(a) First of all, we solve the energy equation to find the relation

between @ and ¢,. The energy equation is

H
qo dt
= 0, (@ ) (G, (4-6)
or vat ! dt
oL 'e(a K eH)(a?)r=ro

It was assumed that €y = €y which is true for NPr = 1 from Prandtlts

The value of €y was calculated very close o the wall of the

pipe and was assumed as coanstant across the cross section,

Analogy,

T x —17§ x 2 0.1

_ 6 x 12,23 x 7.5
H  8x 1k 13

Q + €

= 5.0 £t°/hr

we know that @ = 0.9697 £t2/hr

= 1,03 ft2/hr

m
==
|

fom

= 14,16

le

This shows that €y is 4,16 times .

59

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



6C
(b) The function F(r) is

g oP by

F(r) = (-Berd + g 57) (6 7 V)

The ratio eH[x from the energy equation came out to be 4,16,
From Prandtl's Analogy EHAX’ = eM/v and hence eM/v = 4,16, The
weight flow after substituting this value of eM/v came out to be
higher than the measured value, It was then decided to alter the
value of AP from 0, 005" of H20 to 0.0052" of H20 and the weight
flow still came out to be higher. When the value of AP was still

increased above 0,0052" of H, 0, we got a reversal near the wall

which as mentioned in Chaptei V is not true, OSo instead of alter-
ing AP, the value of eM/v was increased still further, the weight
flow could be made to agree, The value of eM/v came out to be 5,5
and the weight flow came very close to the measured value, This

appeared to be a very reasomable approach,

At T = (0,25"

F(r) = (-gég x 32,2 x 36.1 +0,32532 x & °°§§ 2 = 12 256xxl$?895
- -4.88 sec™t
At ¥ = 0,5"

F(r) = (_5%3 X 32,2 x 35.8 +03§6§95 = 0052 X sa.h) 12.2 g ioi 895
= -9,2 sec™t

In the same manner, we calculated the values of F(r) at various

radii,

(c) Evaluation of g; -
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Using the relation (2-8)

Y
T g;i:jF(r) dr (2-8)
o
r
or g; = %‘[ F(r) dr
o

1 T2

1 -

== [jFl(r) dr +J rg(r) ar + J.....)
o} rl

To find the value of g% at each r, we plotted F(r) versus x
as shown in figure 28 and found the area under the curve for any

required r between r = 0 and r = rreqd' The numerical values of
N
g; are shown in Table 2, Then we plotted g% versus r as shown in

figure 29,

(d) Evaluation of velocity at any r --
This part of the calculations was performed in exactly the same
way as mentioned in part (c) of Chapter V, The actual values of
velocity at various radii are shown in Table 2, The umax came out

to be 1,32 ft/sec,
(e) Evaluation of weight flow -~

(@ a0+ Pe Ay Uyt €3 By Ug+ eveinennes) =W

umax(o.ooooea + 0,00017 + 0.000337 + 0,000443 + 0Q,000497 +

or W

0.000483 + 0,000396 + 0.000249 + 0, 0OOL)

1.32 x 3600 x 0.0027

12,83 1bs/hr

]

The actual weight flow is 12,23 lbs/hr, The error is only +5% which
is tolerable, This much error in weight flow will not make any

appreciable change in the shape of the velocity profile,
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APPENDIX B

TABLES AND VELOCITY PROFILES
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TEST NO. 1 TABLE 2
Station No. 7, 19.5! from entrance
Actual weight flow = 12,23 1lbs/hr Inlet C,L, temperature = 355°F
Mean temperature = 116,5% Ambient air temperature = 83°F
£ bet, Stn, 6 and Stn, 8 = 0,0052"H,0 M = 5.5, t, = ok, 0°F
Barometric Pressure :- 29.25" Hg
x Tempzrature (FP - FB) F(r) ’[lF(r) dr du u.in terms u/u w/u
(inches) F ft/sec (S dr of Wiax max mean
0 119.1 ~0,2887 0 0 0 L. 1.0 2,53
0.25 119.1 -0.2887 -4.88 -0.75 -3.0 u o —0.035 | 0.973 2.k6
0.50 118.8 -02.719 -9.26 -2,10 -4.20 u oo-0.122 | 0,91 2.295
0.75 118.5 -0,2551 -12,9k4 -5.140 -7.20 {u  -0.253 | 0.81 2. 0l
1.00 118,5 -0,2551 -17.25 -9.0 -9,0 umax-o.hzo 0,682 1.73
1,25 117.1 -0.1761 -14,88 -13,0 -10.k “max‘°‘622 0.529 1,34
1.50 115,9 -0.1069 | ~11,05 -16.05 -10.70 |u__ -0.843 | 0,361 0,91k
L.75 113,7 +0, 0145 +1,72 -17.8 -10,17 umax-1.06u 0. 19k 0,49
2,00 110.76 +0.3513 +h8,51 -11,55 - 5.78 u o ~l.23 0, 068 0.17%
u = 1,32 ft/sec;

max

NR

om = 45 £ = 0.038; N

6 fn

cr =2.57X10,’;§_i= 0.56

Calculated weight flow = 12,83 lbs/hr
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TEST NO, 1 TABLE 3
Station No, 9, 26,5' from entrance

Actual weight flow = 12,23% 1bs/hr inlet C, L, temperature = 555°F

Mean temperature = 101.5°F le\.m'bient air temperature = 83°F

AP bet, Stn, 8 and Stn, 10 = 0,0025" H, o, t, = 85.7°F

Barometric Pressure = 29,25" Hg
r Temperature (FP - FB) /If du u in terms
(inches) °F ft/sece F(x) % F(r) dr dar of “max u/umax u/umean
0 103.0 -0.176 0 0 u 1.0 2,34
0.25 103, 0 -0.176 L. 05 -0,504 -2,016 u  =0.021 0.98 2.29
0.50 103.0 -0,176 -8.11 -2.015 =L, 03 umax-o.o8u 0.92 2.158
0.75 103, 0 -0.176 -12.16 -4, 53 -6, 04 “max“°'188 0.83 1.936
1.00 102,7 -0.1583 -14,58 -7.75 ~7.75 u . ~0.332 | 0.698 1,6%
1,25 102.0 -0,1183 -13.62 -11. 4o -9.12 v ~0.509 | 0.537 1,25
1.50 100.8 -0, 0h87 - 6.73 -13.90 -9.27 Um0 703 0. 361 0.8L43
1.75 99,7 +0, 0143 + 2,31 -14,50 -8.28 “max‘0'885 0.195 0,456
2. 0o 98. 5 "'Oo 0851 +150 50 "'120 65 -6u 525 umax-l' 037 Oo 057 Oo ]-5)4
u = 1.1 ft/sec; Calculated weight flow = 11,88 1bs/hr
max
6
Neom = 9635 £, = 0.017; N, = 1.55 x 10°; ?? = 0,256 69

1
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TEST NO, 1 TABLE 4
Station No. 10, 29,5' from entrance

Actual weight flow = 12,23 1lbs/hr Inlet C,L, temperature = 5550F

Mean temperature = 96.5°F Ambient air temperature = 85°F

AP bet, stn, 9 and Stn, 11 = 0,002" H,0 “M= 0, t_= 84 0F

Barometrie Pressure = 29,25" Hg
r Temperature (FP - Fp) T a u in terms
(inches) OF ft/sec2 F(r) F(r) dr E‘-:— of umax u/umax U/Umean
o
0 97.2 -0, 042 0 0 0 U 1,0 2.597
0.25 97.2 -0, 042 -4,896 -0.612 ~-2.45 U ay=0- 03 0.98 2,542
0.50 97.2 -0, 042 -9.79 -2.448 -4,896 u o ~0.109 0.922 2.395
0.75 97.2 -0,0h2 | ~14,69 -5,52 -7.36 “max’°°258 0.83 2.156
1,00 97.2 -0.0k2 | -19,60 -9.80 -9.80 umax-o.417 0.702 1,824
1.25 97.2 -0,042 | ~29.375 -15.92 -12,74 umax-o.6u8 0.537 1.395
1,50 96,2 -0, 014 -9.82 -20,81 -13,87 U ay-0:925 0,340 0.88
1.75 95,7 +0,026 | +21,35 -19,33 | ~11,05 “max“1'181 0.156 0.406
2,00 95.0 +0,082 | +77.51 -6.984 -3.50 U e~1e333 0, 048 0,124
u o= 14O ft/sec; Calculated weight flow = 13.7 lbs/hr
6 "n
Npom = 970, £ =0, N = L.17 x 10, =0 71
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TEST NO; 2

TABLE 5
Station No, 7, 19,5' from entrance
Actual weight flow = 17,15 1lbs/hr Inlet C.L, temperature = 460°F
Mean temperature = 139°F émbient air temperature = 82°F
£P bet, Stn, 6 and Stn, 8 = 0,0085" H,0 = = 7.5, £ = 102°F
Barometric Pressure = 29,255" Hg
r Temperature (FP - Fp) J/m du u in terms
(inches) °p ft/sec® F(r) F(r) dr dr of U ax u/umax u/umean
0 1,3 -0.542 0 0. 0 U ax 1.0 2,43
0.25 144, 3 -0,542 -6,56 -0.75 - 3.00 } u  -0.031 0.982 2.39
0.50 14,3 -0, 542 -13,11 -3.10 - 6.20 U oy~ 04 130 0.925 2.25
0.75 13,0 -0.471 -17.09 -6,60 - 8.80 U xm0-289 0.83h4 2.03%
1.00 42,2 -0, k27 -20, 66 -11.20 -11.20 | u_ . -0,508 0.708 L.72
1,25 140,97 -0.406 | -2k.55 -17.20 | -13.76 | u___-0.773 | 0.556 | 1.35
1.50 137.7 -0.184 -13.35 -21,25 -14, 17 “max'1'°65 0. 388 0.943
1.75 135.3 -0, Olily - 3.73 ~24.5 -1k, 0 u o m1 357 0.22 0.535
2,00 129.3 +0.27 +26,0 =24, 0 -12.0 umax-l.630 0, 063 0, 154
U = LTk ft/sec; Calculated weight flow = 16,91 1lbs/hr
£
6 "n
Npom = 1287, £ = 0.0055, N, = k.57 x 10, £ = 0.111 73

i



Th

TEST NO. 2 STATION 7
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TEST NO, 2

TABLE 6

Station No. 9, 26.5' from entrance
Actual weight flow = 17,15 lbs/hr Inlet C,L, temperature = 460°F
Mean temperature = 113, 3°F Ambient air temperature 82.5°F
£P bet, Stn, 8 and Stm, 10 = 0,004" H,0 —== 6.0, £ = 89.3°F

Barometric Pressure = 29,255" Hg
T Temperature | (F_ - F_) * a u in terms
(inches) on fz/secg F(r) j F(r) dr E::-I- of u u/umax u/ﬁmean
(o)

0 115,7 -0,331 0 0 0 U 1.0 2.315
0.25 115,7 -0.331 - 5.25 - 0,65 - 2.6 | wuw _-0.027 0,983 2.27h
0.50 115.7 -C. 331 -10.49 - 2,65 - 5.3 u ~0.11 0.929 2.15
0.75 115.7 -0,331 | -15.75 - 5,60 | - 747 | u_ -0.245 | 0.843 | 1,95
1.00 115.0 -0.291 -18.45 - 9,85 - 9.85 umax-o.h27 0,726 1.68
1.25 114,35 -0,252 -19.96 -14,85 -11,88 “max‘°'653 0.581 1.35
1.50 113.0 -0,178 -1k.8 -19,25 -12.83% u o ~0.912 0.h15 0.96
1.75 111.3 -0,082 ~10.10 -22.55 -12,88 “max‘l‘l78 0.245 0.567
2.00 107.0 +0, 042 + 5,32 -23,35 -11,675 umax-l.h35 0. 081 0. 188

= 1,56 ft/sec; Calculated weight flow = 16,62 1lbs/hr
6
hem = 1330, £ = 0,018, N, = 2.47 x 10°, = 0.375 75

1



76

TEST NO. 2 STATION S
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TEST NO, 2

TABLE 7
Station No, 10, 29.5' from entrance
Actual weight flow = 17,15 1bs/hr Inlet C.L. temperature = 460°F
Mean temperature = lO'ZOF Ambient air temperature = 82.3°F
€
- 4P bet, Stn., 9 and Sta, 11 = 0,0033" H,0 ;g = b5, t = 8°F
== Barometric Pressure = 29,255" Hg
ms
% r Temperature (FP - Fp) Jr du u in terms
%i% (inches) °F ft/sec? F(r) A F(r) dr dr of Uax Ul/umax u/umean
el
52 0 109.0 -0,238 0 0 o U 1.0 2.37
: 0.25 109.0 -0.2%8 - 4,90 - 0.61 - 2.4, “max'°'°26 0.982 2.33
0.50 109.0 ~0,238 - 9.80 - 2.50 - 5,0 umax-o.lok 0.930 2.20
0.75 109,0 -0, 238 ~-14,70 - 5.40 - 7.2 U ay00235 0,841 1.99
1.00 109.0 -0, 238 -19.60 - 9.60 - 9,6 umax-o.uls 0.719 1,70
1,25 108.0 -0,181 -18.63 -14,.65 -11,72 umax-o.éuu 0.565 1,338
1.50 106,86 -0,113 -13.96 -18,35 ~12,23 umax-o.89h 0.3%96 0.938
1.75 105.4 -0,033 - 4,75 -21.0 -12,0 u ~1a 19 0.224 0,529
2.00 1oL, 0 +0,219 +36. 07 -16.75 - 8.38 umax-1.565 0. 078 0,184
u o= 1.48 ft/sec; Calculated weight flow = 15,6 lbs/hr
; £
_ 6 "n_
Moo = 1342, £ = 0,023, N, = 2,06 x 107, = 0,482 77

1
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TEST NO. 2 STATION 10
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TEST NO. 3 TABLE 8
Station No, 7, 19.5' from entrance
Actual weight flow = 17,20 lbs/hr Inlet C.L. temperature = 542°F
Mean temperature = 155°F Ambient air temperature 81°F
AP bet, Stn, 6 and Stn, 8 = 0,0108" HEO %ﬁ = 9,0, e, = 106.7°F
Barometric Pressure = 29,37" Hg
2
r Temperature (FP - Fp) J du u in terms
(inches) °F ft/sec2 F(x) (o) F(r) dr dr Of U ax u/urnax u/umean
0 161,3 -0,692 0 0 0 u 1.0 2.43
0.25 161,3 -0.692 - 6.79 - 0.83 - 3.32 | u_ . -0,037 0.98 2,38
0.50 161,.3 -0.692 -1%,58 - 3,6 - 7.20 | u_ -0.150 0.92 2.2%
0.75 160,3 -0.616 -18.1h - T7.h5 - 9.9 | u_ . -0.329 0.823 2.00
1.00 159.3 -0.562 -22,07 -12,50 -12,50 | u__ -0.559 0, 699 1,70
1.25 157.0 ~0.hh1 -21,65 -18,05 =1k Lk “max'°'855 0.55 1.3k
1.50 154, 3 -0,298 ~17.55 -22.55 -15.03 | u__ -1.145 0.384 0.935
1.75 150.7 -0.107 - 7.35 -26,1 -14.91 t u  -1.L57 0.217 0.526
2.00 41,0 +0,405 +31,8 -23,25 -11.625 u_~1.733 0. 068 0.166
u = 1,86 ft/sec; Calculated weight flow = 17,68 lbs/hr
max 6 £
e}
Npoo = 1261, £ = 0.07, N, = k.63 x 107, & = 1.378 79
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TEST NO. 3 STATION 7
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TEST NO, 9 TABLE 9
Station No, 9, 26.5' from entrance
Actual weight flow = 17.2 lbs/hr Inlet C,L, temperature = SheoF
Mean temperature = 123°F Ambient air temperature = 81.3°F
€
4P bet, stn, 8 and tn, 10 = 0,0055" H,0 39 =6, t, = 96.1°F
Barometric Pressure = 29,37" Hg .
r Temperature (FP - FB) jr du u in terms
(inches) °p ft/sec2 F(r) A F(r) dr dr of “max u/umax u/umean
0 127.1 -0.416 0 0 0 U 1.0 2.57
0.25 127.0 -0,416 - 6,31 - 0,78 - 3.12 | u  -0.031 0.981 2,52
0.50 126.7 -0,393 -12,10 - 3,00 - 6,00 U oy 0130 0.919 2.36
0.75 125,17 -0.339 -15.66 - 6,95 -9.27 | u . ~0.291 0.818 2.10
1.00 125,3 -0,316 -19.46 -10,75 -10.75 | w  -0.512 0.680 1.75
1,25 124, 0 -0.24k -18,78 -15,80 -12,64 “max'°‘765 0.522 1.3k
1.50 122.3 -0.150 -13.86 -19,70 -13,10 umax-1.036 0.353 0.907
1.75 118.7 +0,051 +5.497 -21.75 -12.43 “max'1'506 0,184 o472 1}
2,00 113.7 +0,319 +39,3 -16,25 - 8.125 u  ~1.521 0.0k | 0,127
U oax = 1.6 ft/sec; Calculated weight flow = 2.15 1bs/hr
6 .
Npom = 1513, £ = 00065, N, = 3.18 x 10 E§'= 0.1%3 51
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TEST NO, 3 TABLE 10
Station Mo, 10, 29.5' from entrance
Actual weight flow = 17,2 lbs/hr Inlet C.L. temperature = 54205‘
Mean temperature = 114.3°F Ambient air temperature = 81
€
AP bet, Stn, 9 and Stn, 11 = 0,004L" H,0 ;M = 6,0, €, = 93, 3°F
Barometric Pressure = 29,37" Hg
Temperature (FP - FB) T du u in terms
°r Et/sec2 F(r) A F(r) dr dr of Ymax u/umax u/umean

116.6 -0,3%06 0 0 0 LI 1.0 2.29
116.6 -0,306 - L .84 -~ 0.60 - 2,40 4 a0y~ 0-025 0.983 2.25
116.6 -0.306 - 9.67 - 2,15 - 430 ju  -0.101 0.933 2.14
116.6 -0.306 -14.51 - 5.30 - T7.07 umax-o'226 0.849 1,945
116,6 -0.306 -19.35 - 9.30 | -9.30 | u_ -0.40 0.733 | 1.68
115,6 ~0,2k9 -19.68 -14,65 -11,72 “max“°°622 0.585 1.3h
1ik,0 -0.159 -15.08 -17.80 -11.87 “max'0'872 0.419 0.959

111,7 -0.029 - 3.21 -21.0 -12.00 ju_  -1.127 0.249 0.569
107.3 +0.219 +27,69 -19.1 - 9.55 |u_ -1.352 0. 099 0.226

-uoissiwiad noyum pauqiyosd uononpoidas Jayund “J8UMO WbuAdoo 8y} o uoissiwiad Yum paonpolday

u =15 ft/sec, Calculated weight flow = 16,2 lbs/hr
£

6 n
NRem - 1327) fn - 0'059, NGr = 2.7 x 10 > "q 0‘8]_
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TEST NO.3 STATION 10
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TEST NO. b TABLE 11
Station No, 7, 19,5' from entrance

Actual weight flow = 19,17 lbs/hr Inlet C.L. temperature = 568°F

Mean temperature = 170.75°F Ambient air temperature = 82.7°F

oP bet, Stn, 6 and Stn. 8 = 0,012" H,0 §§ = 10,0, t_ = 112.7°F

Barometric pressure = 29,425" Hg
r Temperature (FP - FB) * du u in terms
(inches) °p ft/sec2 F(x) F(r) dr dr Of Uax u/umax u/umean
Q
0 176.3 -0.863 0 0 0 U ok 1.0 2.42
0.25 176.3 -0,863 - 7.37 - 0.85 - 3,40 u o -0.0375 | 0.982 2.37
0.50 176.3 -0,863 ~1h,7h - 3.b5 - 6.90 u_.-0.15 0.928 2.243
0.75 176,0 -0,848 -21,72 - 7.95 -10.6 - U =0:335 0.839 2. 035
1,00 1747 -0.780 ~26, 64 -13.9 -1%.9 U o.0.593 0.715 1.729
1,25 170.3 -0.551 ~-23%,52 -20,5 -16,4 u ax-0.911+ 0.56 1.353
1.50 167.7 -0, k2L -21,72 -26.6 ~17.73 | u_ -1.27h 0. 387 0,938
1.75 162,0 -0.120 - T.17 -30.05 ~17.17 | u -1.638 0.212 0.51k
2.00 152,3 +0.385 +26.3 -27.6 -13.8 ax- o959 0. 058 0. 140
u = 2,08 ft/sec; Calculated weight flow = 19,39 lbs/hr
£
Meam = 1376, £ = 0.072, N, = L.96 x 106, f3.= 1.55 85

| e
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TEST NO. 4 STATION 7
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TEST NO, k4 TABLE 12
Station No, 9, 26.5' from entrance

Actual weight flow = 19,17 1bs/hr Inlet C,L, temperature = 568°F

Mean temperature = 1330F Ambient air temperature = 82.70F

AP bet, Stn, 8 and Stn, 10 = 0,0065" H20 5—~M = 7.0, t, = 101.5°F

Barometric Pressure = 29,425" Hg
r Temperature (FP - F,) & du u in terms
(inches) °F ft/secg F(x) l F(r) dr dr Of Yyax u/umanx Ul/umean
0 137.5 ~-0.539 0 0 0 U 1.0 2.51
0.25 137.5 -0.5%9 - 7.05 - 0.75 - 3.0 u_ =0,031 0.983 2.46
0.50 137.5 -0.539 -1h4,1 - 3,20 - 6.40 umax-o.lh 0.923 2.31
0.75 137.0 -0,512 -20,1 - 7.90 -10,53 u oy 0.322 0.823 2,06
1.00 135.3% -0.36 -18,83 -12,90 ~12,90 | u_  ~0.577 0,683 1,70
1.25 134,0 -0.289 -18,90 -17.20 -13,76 umax-0'865 0.526 1.32
1.50 132,.3 -0.196 -15.38 -21,70 -1l b7 “max“l‘l6 0. 363 0.908
1.75 129,0 -0.016 - 1.46 -23,70 -13,54 umax-l.uh9 0,204 0.51
2.00 122.3% +0, 345 +36, 1 -21,25 -10,625 U oy (U 0. 065 0.164
wo = 1.82 ft/sec; Calculated weight flow = gr_lg 1bs/hr
h? — -— 6 n —
Moo = b1, £ = 0,016, N, = 3.51 x 107, = = 0.36 87

.
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TEST NO. 4 STATION S
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TEST NO, L

TABLE 13
Station No, 10, 29.5' from entrance

Actual weight flow = 19,17 lbs/hr Inlet C, L, temperature = 5680F

Mean temperature = 1230}3‘ Ambient air temperature = 82.“(°F

AP bet, Stn, 9 and Stn, 11 = 0,0052" H,0 gﬂ = 6,0, t, = 97.0°F

Barometric Pressure = 29,425" Hg
r Temperature (FP - FB) T du u in terms
(inches) °p ft/sec? F(r) ZF(r) dr dr of Uax u/umax u/umean
0 126,7 -0.433 0 0 0 L 1,0 2,37
0.25 126,7 -0.43% - 6,67 - 0,74 - 2.96 u =0.03 0.98kL 2.33
0.50 126.7 -0.433 ~-13.41 - 3.20 - 6,40 umax-o.13u 0.928 2,199
0.75 126,0 -0.395 -18. 24 - 7.10 - 9.k 4 ~0.301 0.838 1,986
1,00 125,3 -0.356 -21,93 -11,90 ~11.90 | u_  -0,525 0.718 1.70
1,25 124,3 -0,301 -23,17 -17,65 -1k, 12 “max‘°’8°1 0.569 1.35
1.50 123,3 ~0.2L46 -22,73 -23.30 -15.55 | u__ -1.11 0.403% 0.95k
1.75 120,3 -0,078 - 8.ko -27.35 -15.63 umax_l.h57 0.227 0.539
2,00 113.0 +0,328 +40, 4 ~23.35 -11.675 u o ~1.729 0.070 0.167
Uiax = 1.86 ft/sec; Calculated weight flow = 19,15 lbs/hr
, 6 n_
Noom = 1460, £ = 0.022, N, = 2,99 x 10 = 0,502 89
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TEST NO. 4 STATION 10
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TEST NO, 5 TABLE 14
Station No, 7, 19,5' from entrance
Actual weight flow = 22,22 1bs/hr Inlet C.L. temperature = 300°F
Mean temperature = 150°F Ambient air temperature = 77°F
e
oP bet, Stn, 6 and Stn, 8 = 0,012" H,0 ;ﬂ = 8.5, t_ = 112.3%F
Barometric Pressure = 29,5" Hg
T Temperature (FP - F.) * du u in terms
(inches) °p ft:/secg RIS F(r) dr dr Of Uax u/uma.x u/umeem
[o]

0 155.0 -0.738 0 0 0 L. 1.0 2.46
0.25 155.0 -0.738 - T.7% - 0,96 - 3,84 umax-o.oh7 0.98 2.41
0.5GC 155.0 -0.738 ~15. 47 - 4,15 - 8.30 umax-0.182 0.921 2,27
0.75 155.0 -0.738 -23,21 - 9.10 -12,13 umax-o.ho 0,826 2.03
1.00 153,3 -0, 647 -27.13 -1k.90 -14,90 “max"°'681 0,704 1.73
1.25 151.3 -0.540 -28.30 -22,0 -17.60 | v -~1.022 0.555 1.37
1.50 8.7 -0.401 -25,22 -29.0 -19.33 | u___~1.koT 0.388 0,956
1.75 145, 0 ~-0,201 -1k, 75 -33.75 -19.28 “max'l'815 0.211 0.519
2.00 126.0 +0,279 +23,h -32,.35 -16,175 umax—2.186 0, 049 0.122

U = 2.3 ft/sec; Calculated weight flow = 21,86 lbs/hr
h £

» 4 ”, 6 _n
Npoq = 1630, £ = 0,015, N, = .64 x 107, £ = 0302 91
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TEST NO. 5 STATION 7.
28 w=22.22 lbs/hr. tm=i50°F
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TEST MO, 5 TABLE 15
Station No, 10, 29,5' from entrance

Actual weight flow = 22,22 1lbs/hr Inlet C.L, temperature = 3OOOF

Mean temperature = 125OF Ambient air temperature = 77OF s

AP bet Stn., 9 and Stn, 11 = 0,006" HQO L 6.0, L, = 97.10}?

Barometric Pressure = 29,5" Hg
Y Temperature (FP - FB) ]r du u in terms
(inches) °p ft:/sec2 F(x) o F(r) dr dr of “max u/umax u/umean
0 126.0 -0.436 0 0 0 Y 1,0 2.28
0.25 126.0 -0.436 - 6,71 - 0.83 - 3.32 | u_ =0,032 0.985 2.25
0,50 126.0 ~0.436 -13,43 - 3,35 - 6.70 u o .=0.133 0.936 2,14
0.75 126.0 -0.436 -20.14 - 7.35 - 9.80 u o ~0.305 0.854 1.95
1.00 126.0 -0.436 -26.85 -13,0 -13.0 umax-o.suz 0.7h2 1.69
1.25 125.0 -0.380 -29,25 -20,0 -16.0 umax-o.8h6 0.597 1,36
1.50 123.0 -0,269 -2k, 85 -26.9 -17.95 | u_, -1.202 0, k27 0,976
1.75 120,7 -0. 141 -15.2 -32,05 -18.3% u -1.583 0.246 0.562
2.00 115,7 +0,138 +16,998 -32.0 -16,0 umax-l'9u2 0.075 0.172
u =21 ft/sec, Calculated weight flow = 22,53 lbs/hr
£
- 6 n _
Moo = 1688, £ = 0, 01k2, No ™ 3.8 x 107, ?; = 0,375 93
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TEST NO. 5. STATION 10
2.8 w=22.22 lbs/hr. fm =|230F
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FIGURE 3 FURNACE
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FIGURE L  FAN INLET CONTROL
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FIGURE 6 MEASURING STATION
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FIGURE 6a  TRAVERSING GEAR
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