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HEAT TRANSFER FROM A FLAT SURFACE

TO AIR FLOWING IN RADIAL DIRECTION.

Some approximate theoretical empressions havevbeen derived
to show the effect of flow conditions on heat transfer between
flat surfaces and fluids flowing parallel to them. Sopecial |
comparison was made between the case of uniform parallel flow
and that of radial flow parallel to the surface. It was
predicted that the heat transfer in uniform parallel flow
would be higher than in Qutward radial flow, 6ther conditions
béing the same,

Two groups of experiments were carriedvout. In the first
group air Was fléwing between two parallel plates in an outward
radial direction. One of the plates was electrically heated,
No such heating was supplied to the second plate, but it Was\
insulated against external radiation. Eight different éaps,
between the plates were tested, and the average coefficients of
- heat transfer were obtained,
| The effect of the gap on the heat transfer was ohtained for
béth4laninar'and turbulent flows,. A1l the data of the differenﬁ
gaps were brbught together by introducing equations contal ning
the Nusselt and Beynolds numbers and the gap-to-length ratio.

Comparison was also made between the present results'and‘

the theoretical and experimental results of other workers on




heat transfer from flat surfaces to air in uniform parallel

flow, little or no other information on radial flow being .

available, The effect of flow conditions was discussed.

In the second group of experiments the unheated plate was

rotated. Four different speeds of rotation and four different

géps were tested, The effect of this rotation on both the
flow pattern and heat transfer was studied. The experimental
results were QOmpared with analytical ones énd_agreement was
generally fair, = Finally, from the calculated length bf path
of the air particles, an expression was found for the effect

of the disc rotation on heat transfer.

{
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surface area of the heat transfer surface, square foot

temperature, °p,
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temperature of the fluid,
absolute temperature, °F:absi -

velocity of flow of the main stream in the X-direction |
(U1 at radius ry, Uy at vy, U at rm)
effective mean velocity of the main stream
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distance from the rotating disc
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z
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kinematic viscosity (= )s square foot/hour
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1.

INTRODUCTION.,

The heat transfer from a surface to a fluid flowing past

it depends to a great extent on the boundary conditions.

Different cases have been studied by different observers. For

the heat transfer between flat surfaces and fluids flowing parallel
to them many attempfs have been carried out from the simple flat %
plate to rectangular passages of different aspect ratios.

As far as the writer is aware thére is no published data
for heat transfer to a fluid flowing in radial diréction between

two parallel flat plates. Moreover, the available data for the

effect of the gap betweén two parallel plétes on heat transfer
is not sufficient.

The flow cohditions, for the case of radial flow, are
somewhat complioated.hecause’of the variation of the main Btream
velocity. The flow conditions have a considerable effect on
the heat transfer chgracteristics. ~Changing the gap between |
the plates effectsthegrowth of the boundary layer and the
critical flow conditions. Further, if one of the plates is
rotated a new factor comes into account. Due to surface
friction fhe fluid near that plate is dragged round tangentially
and the plate acts as a kind of compressor. This problem
arises in connection with the cooling of rotary compressor
runners aﬁd similar cases,

In the present case air flows between two parallel flat

plates in radial direction. It is. the aim of this research



2
work to study this condition and the effect of the gép between
the plates on heat transfér. The effcct of the superimposed:
vortex motion caused by-the'rotation of one of the plates hasg

also been studied.
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CHAPTER T,

HEAT TRANSFER BY FORCED CONVECTION

In the process of heat transfer by convection, new
particles of the fluid are continually coming into contact
with the heat transfer surface, where they take or give up
heat. Since the heat is transferred by the motion of the
fluid, then the greater the rate of the fluldyggst the solid-
surface the more the rate of heat transmission will be, When
the motion of the fluid is maintained mechonically, it is
referred tovas 'forced convection'.v |

Actually, heat is transferred firstly by conduction

through a thin layer of the fluid immediately adjacent to the

solid surface, This process can be repressnted by the equation

H = -ks(i—)yno‘ I-1

where H = amount of heat transferred per unit time
k = thermal conductivity of the fluid
8 = area of heat transfer surface

fluid temperature difference across the fluid
film immediately adjacent to the surface

B,
oF
H

&y = thickness of the film.

i

The heat is then diffused through the rest of the fluid by the
contact of its particles andfeddles.‘
To determine the heat transfer_by conduction in the film

is very complicated, since it is difficult to determine the
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thickness of the £ilm and the temperature gradient across 1it.
An alternative to that is to assume an overall coefficient of
heat transfer_(h) which is valid for the whole process through

the bulk of the fluid., thus

H = h8 (t, - t,) | 1-2‘
where tw = temperature of the heat transfer surface
t_ = temperature of the fluid.

o}
This equation was first recommended by Newton in 1701, and since
that time it has been adopted by alllinveétigators.

Different theories have been made for different cases of
heat transfer problems. The following is a;summary of some
theories of forced convection heat transfer between flat surfaces

and fluideloWing paréllel to them,

FORCED HEAT CONVECTION IN LNMINAR FLOW PARALLEL TO A PLANE
PLATE AT UNIFORM TEMPERATURE:

An éxact}solution for this case Was giVen by Pohlhéuseﬁ
in 1921 (See reference 25;}page 468), It is assumed that
velocities are small compared to sound velocity, and that no
piessure drop occurs in fhis sort bf unbounded flow,

If the heat generated by dissipation is neglected then:
the gquations of motion, continuity and heat conduction

simplify to
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. ~ 2
Ju , Ju < u
Bt v oLl o= \) P I-3
R 55 Yo
22U oV -
- Sy = o) I-4
- 2 : ~
3t 9t . 07t I-5
Srx TV oy T X TR |
where u = veloclty in the x-direction
v = velocity in the y-direction
t = temperature of the fluid
Y = kinematic viscdsity (= f;?)
™ = thermal diffusivity (= .é%)
. X = coordinate in the direction of flow
y = distance from the solid surface.
. The boundary conditions are i
At y=0 3 u=o0, v=o0, t= ty
At y=% : u=U, t= t,
where U = main stream velocity.
The law of continuity 1s satisfied by introducing a
stream function qf s defined Dby
” | |
u = %y I-6
and vV = = 23 i'?
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If we introduce

| o |
h = 2 (5%)%.v v I-8

; kN
and V. o= (Uwx)2 . £(n) 1-9
then u = LUs? | I-10
L (=X ‘ ' o
and vo= 2l (pf =) I-12

where the guffix indicates differentiation With‘respect to 7

Equation (I-3) leads to

MY 4 £EMT = 0 I-12

-ty |

If o7 ) = g—% I-13
o™ bw 5

then equation (I~5) becomes . -
o't 4 -3—"} o' = 0 I-14

The boundary conditions are

At =03 £=0, £'=0, =0

- K
At \7? = o0 f';—‘B, e = 1
Equation (I-14) was solved by Pohlhausen, and his final

result gives

| v, U g | |
h = 00664 Xk ()° (537)% I-15

| ' | 1 1
or () = o.eea (4T (I I-16

where h = coefficient of heat transfer
L = length of the plate,
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Some approximate attempts were made by Boussinesq, King,
and Aichli, before Pohlhausen, and by Leveque afterwards.
These mathematical attacks on the prbblem have been thoroughly

. \ %
described by Drew (10).

FORCED HEAT CONVECTION TN TURBULENT FLOW PARALLEL TO A PLANE
PLATE AT UNIFORM TEMPERATURER.

(50) in 1921. It is

This case was treated by Latzko
assumed thqt the plate is so thln that the leading edge does
not affect the arriving stream. ~ If the heqtlng effect of
friction is neglected and unlform pressure is assumed then the
velocity fleld and temperqture fleld are 31m11ar.‘

(28)

According to von Karman , the velocity distribution

and the thickness of the boundary layer may be eXxpressed by

1
U= U~(7§—) /1 I-17
_ g
and. - § = 0.37 (“%%~ /5:'X B I-18

where U = velocity at the end of the boundary layer
¢ = thickness of the Boundary 1a&er
and otherLsymbols havevthe usual meaning,
The similarity between the velocity field and temperature field

gives ' 1/&

= - -
o = o, ( é,) | e - I-19

¥ Numbersin parentheses refer to Bibliography at the end

of the Work.
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where © = average temperature differencesat cross—section x

0 = temperature difference between the surface and
the undisturbed stream.

The condition for thermal equilibrium in an element of the

boundary layer is

4 ucea oo A (Pua 0
a;;J puc y - #£c o Tx UQ u dy +vq =

v o ,
where ¢q = heat leaving the plate at x

¢ = specific heat of the fluid.

_ s Lé . 1/ _ L@
L fr AU (-—%L) 0901(-%:“) dy - Fc Ooa'(’i—' fU(“Y) dy + ¢ = 0

Introducing the equation (I-~18) and solving, we get

, 0.2 ‘
)J . .
T% I-20

q = 0.0285

The total amount of heat leaving a.platé strip of unit

‘width and length L 1s then

L
Q = f Q ax
0 Y 0.2
= 0,0856 PcUGOL (—p )
= no.L T-21
“n = 0,0856 p0°8 gu0e8 0.2 (0.8 I-22
' 0.8 ‘
or ( Ill{L ) = 0.0356 (L2 UL =) (-—"l—;—‘-“‘-) ' T-23

It is noticed that in this theory it was assumed that the

flow was turbulent right‘from the leading edge.
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HEAT TRANSFER TO A FLUID IN LAMINAR FLOW BETWEEN TWO PARALLEL
WATLLS, W

This case was treated by Jakob(54) in 1939, The following

assumptions were made :

1. The same amount of heat was produced per unit time and

surface,

2. Temperature changes were so small that the fluld
propertles were con31dered constant.

In the range of streamllne motlon, the veloc1ty distri-

bution is parabolic accordlng to the equation

_ ’ 2 . S
0 = AN AR | -
vo= 40U (= =T ). 1-24

where u = velocity of the fluid at y
y = distance from the wall
b = gap'between the plates
b

Umax = velocity at ¥y =5~

For the part pf flow between y and y + dy (Fig.1), the

heat balance 1eads to the differential equation

= k - ' I-25
R e |

where q = ‘heat received by the fluid fhrough the unit of
- cross—sectional areﬁ in unit time over a unit
length of plate

Introducing H = j; alL B dy and'solving, we get

= =i (X
b= g

4- .
. | | |

bt
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where HK: total heat received by the fluid

‘B = width of the plates
L = length of the plates
t = ,femperature (w,qur7wall)
cy and cg are constants
othervéymbols have the usual meaning.
In the case of equal heating from both walls, the boundary

conditions are :

1t = tW at y—..:‘O and at ¥y = D.
' With these, equation (I-26) becomes
t = t - i (JY - y5 + VA:L )
w = TIBk ‘2 be | 2b°

and the minimum temperature at ¥y =:;%— is

5 ~ Hb

ty = bt - T I-27
— w 82 - LBk | )
If the coefficient of heat transfer (h) is defined by
R L onn (b -t ) I-28
2 7 W b
2
it follows that
16 _k o
h = —% > - I-29

In the case of one sided heating, the boundary conditions

are _
At y..—:O, t:‘bw
At y=b, =0

With these, eguation (I-26) becomes
3 4
- R : ¥ y
b= by - V-t )

2-b5
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and the minimum temperature at y = b Dbecomes

ty = Yy - TIER | 80

Defining the coefficient of heat transfer (n') in this

case by
— o7 - ' ‘ -
H = h'L3B (tw tb) I 51

it follows that
n = 2—%"‘ : 1-32

The case of heat transfer in laminar flow between two

parallel plates was considered later by some other workersy

Some of these are Purday(él), Prins and coworkers(éo), Bye and

Soneni5) and Schenk and Beckers 46)

HEAT TRANSFFR TO A FLUID IN TURBULENT FLOW BETWEEN TWO
PARALLEL WALLS .

This case was considered by,Leveque(Sl). ‘ He treated it

as if the fluid were . a s0lid slab moving~between fixed heated

plates. The follow1ng assumptlons were made ¢

1. The y-component of the ve1001ty 15 everywhere ZEero,

2o The plﬂte temperature tﬁ lS constant

3, The plates and the fluid extend 1ndef1n1tely in the
z-direction,

4, The values of the Ffluid properties are constant.

B .




12,

LY VLl Ll s i f L AL o sl L VYRR ORI ILER ROV,

T
Wl o o
A i - X
o4 : j S
t : '
e o o R i A ATV R I T
Figure 2.

The boundary conditions are

t = t ; ify:i’Y and 0<x<L

W
O -'t.o if x <0 | | |
t = tw as - x goes to infinity and y 1lies between

+Y and -~Y,
(The symbols are explained in Fig.2.)
If the thermal conduction in the direction of te fluid

motion is neglected the general equation reduces to

Dt d By - | .

vx T T dyd 1-85
As a.type of solutlon L&véEque chose the formula

: \y\( “) .

§ = oY ~ cos (m—) . 1-34
where m 1s a parameter such thatk; cosm = O,

If the average temperature difference is taken as the arithmetic

‘mean between the initial and final values of temperature diff-

erence then the calculation of Leveque for the average noeffinient

of heat transfer leads to -
, ‘ ' -u -9 B o
h '_.'2cf3UY ! ’§ {' =3 25e o “\j I-35
— . __ - FR )
S X ‘*“ﬁ;[“' q."- B gy A% ]
] _ T X X
Where A ..——(_2 A RO U L:,,n-s.xw‘\ S U
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From equation (I-35) the following conclusions were drawn 3

1. When ﬁ is large, hol U,
: , 5

2. When B <%, or when -Qg%-— ,}T’rz
b= 7= f N i S |
; | T UY

3. For very small ﬁ* the case of a flat plate is approached

~and ‘ _
| 2 (Xeeuy©® _—
X

Léveque stated that his formulae are not appliceble if

~éﬂ2§z; is below 2000,

7

DIMENSIONAL ANALYSIS.

In most applications of heat transfer, the variables
affecting the heat transfer coefficient sre being grouped in
some dimensionless groups’so as to facilitate calculations &hd
reduce the number of variables to be‘dealt with experimentally.
Another advantage of dimensional analysis is‘that mnrany one
_set}of self-consistent units the numerical value of a dimension-
less group is the same as in any other set of self-consistent .
units, | |

' Considering the general problem of forced convection, the
coéfficient of heat transfer (amount of heat transférred per
uhif time per uniﬁ surface area per unit temperature difference

between the solid surface and fluid).cankbe assumed to be given
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by the equation(16)
 om b ,d ge pf .n
n o= K. U L% m% KO P I-38
where U = forced fluid velocity

linear scale

n

L
Kl, m, b, d, e, £, & n are constants
other symbols have the usual meanings.
Equating the dimensions of both sides of eguation (1-38)

and solving in terms of m and n, we get

h= K. o™, Lm"l? P hamin :L-n;. /om. o2
PUL_\O _opm k
= Klo ( /b\. ) . ( k ) . 1,
. RUL n -
or (2) = X,. (===) . (55) I-39

These groups are known as

T, | !
%; = Nusselt number (Nu)

PUL  _ Reynolds number (Re)

JM

—%f& = Prandtl number (Pp)

Therefore the heat transfer by forced convecfion is given

by the relation
Nu = Kl'.'Rem*. P I-40

The values of the constants Ki’ m and n depend on the
geometry of the surface, its surroundings, the conditions of
 flow and the conditions in which theAdifferent properties of

the fluid are evaluated. These constants cdan be obtained
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either experimeﬁtally or mathematically. If they are to be

determined by eXperiments then, theoretically, for either laminar

- or turbulent flow three experiments under different conditiqns-
should be sufficient to find these three constants, and so wQuld
allow the determination of (n) for all possible changes of thec
six independent varisbles. Since similarity exists only if the
kind of flow is the same, different constants will occur in the
laminer and turbulent.regionsa" | A

‘Equation (I-40) applies to gases and liquids in forced
convection heat transfer. In cases of air (as in the present
work) the value of Pr is nearly constant and equal to 0,72. So
putting this value in equation (I-40) we get

| Nu = K, Re" I-41

-

which is used for forced convection heat transfer to air;

PHYSTCAL SIGNIFICANCE OF DIMENSIONLESS GROUPS:

‘The Nusselt number ( gf ) represents the mtio of the actual

convection heat transfer per unit surface area per unit time.

(ne) to (-2

), which is proportional to the heat transfer by

conduction in the fluid at resty

The Ryenolds number (fng ) may be regarded as the ratio of

the oncoming fluid momentum per unit area per unit time (cU9)

to the viscous'drag force per unit area‘(ﬁlU ) against Which‘it

is balanced., |
The Prandtl nunber (—%gi) is the ratio of the momentum

diffusivity (or kinematic viscosity ﬁgL) to the thermal
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diffusivity (~§%;). It recpresents the ratio of the fluid §
property goverﬁing the transfer of momentum by viscous effects
due to a gradient of velocity, to the fluid property governing
the transfer of heat by thermal diffusioﬁ due to a gna@ient of
temperature. | |
The Reynolds number is therefore the group which determines E
the flow pattern, and the Prandtl number determines the relation é
of the temperature distribution in a fluld to the velocity
distribution. Thus in.forced convection the fluid motion is
fixed by Re, and the superposition of a temperature difference
between the fluid and the boundary surface causes»a’temperature
distribution in the fluid, which is fixed by Pf, togetherlwith

the original fluid motion.

TEMPERATURE AND PHYSICAL PRO?ERTIES OF THE FLUID :

There is argument about the temperature at Which the values
of the physieal propertied of the fiuid have to be taken, Some
workers take these values at the mean fluid bulk temperature;
others toke them at the £ilm temperature. Most of those using
the’film temperature take it as %(tw + to)i:where t, = wall
temperature, and,to = fluid bulk temperaturej °

In all cases the density of the fluid should be taken atb
the fluid bulk temperature. In the present experimental work
to be described later the writer has taken the other properties

also at the fluid bulk temperature.
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CHAPTER TI,

PREVIOUS EXPERIMENTAL WORK.

The avallable experlmental dgta for heat transfer between

flat surfaces and flulds flOW1ng over them can be summarlsed

as follows:

Relation between velocity and heat transfer,

Fishenden and Saunders(lé) stated that they dbserved from

. the 1nvest1gatlons of dlfferent workers that for smooth surfaces
the coefficient of heat transfer was proportlonal to a power of
the stream velocity around 0. This is in agreement w1th the

theoretical expression derived by Latzko(go)(equqtlon I~22)

J&rges(27) measured the heat transfer from smooth and rough
copper plates 1.64 feet squqre to air flowing parallel to the
surface, The surface temperature was malntalned electrlcally
at 115-140°F, The airp temperatﬁre Was teken as ﬁhatfof the

oncoming stream. The plate was in alignment with one of the

vertical walls of a duct through Whiéh airywas bldwn by mesns'of‘

a fan. | The results of Jurges can be represented as follows :
For air stresm velocities <16 feet/second ‘ .

ho= 0,99 + 0,21 U  Btu/(£t)? (hr)(degF) II-1
For air stream ve1001t1es >16 feet/second |

0,78 1T 2

h == 0, 5 U
(h and U have the usual meanings).
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Frank(lv) carried out some experiments with a pailr of thin |
vertical polished aluminium plates, each 2,3 x 2.3 feet.  The
plates were heated electrically and mounted out of doors in such
a way that they automatically set themselves parallel tO‘thé
wind direction. The temperature difference between the plate
and the air was sbout 30°C. An ancmometer was uscd to measure = |
the air speed. |

He found that the heat transfer coefficient for wind speeds |

up to 20 feet/second is given by

o= 0;57‘U0.656 -0,58U

+ 0,67 e TI-3
The second term.in:he‘éqnatioh‘(11—6) shows the effect of
natural conveétion in the cases of small air speeds, -

Haucke(gl)

used two parallel cast iron plates, each 6.56
x 1764 feet,‘fixed'at & distance of 1,89 inches apart. The .
surface temperatufes‘Were"maintéined at about 212°F by means of
steam jacketing. SRR ' |
| Air was passed into the space between the plates through an
extension of 6,56 fect in length. A pitot tube was used to
meaéure the air speed at different points. The range of air
speed was 13 t6'66’feet/SGCOnd.' The air‘temperatufe was
measured by thermocouples at the inlet and outlet of the working
section, and the logarithmichmean temperature différence was

taken,

The values obtained for the coefficient of heat transfer
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can be exp?essed by
n = ogsy UoTLO - 114

90 D pa o

Slegel and Hawkins(48) measured the heat transfef frqua
heated vertical p1ate to an aif stream flowing parallei to ;t
at various speeds. The plate was of % inch brass ahd.iﬁ)ﬂ@aldng
by 8 inches wide, It was placed inside a wind tunnel of Cross=—
section 18 inches square. The plate was heated electrically
and an unheated starting length of 39% inches was‘used.

The range of air velocity was from 32 to 66 feet/second,

{

and the difference between the plate and air temperatures varied
between 22 and 222°F. Calculating the physical properties at
the film temperature Slegel and Hawkins correlated their data
by the equation | N

Mu = 050299 ReC*817 s TI-5
Values of the heat transfer coefficient for different air stfeam
velocities are shown in Fig.3.

Ali(l) carried out his'experiments for air flowing over a

horizontal flat brass plate of dimensions-10 x 5 x & inches.

The plate was plpced in a wind tunnel of square sectionv16xl6kinso

The leading edge of the plate was at a distance of 14% inches
from the inlet of the working section, The aif velocity was
5 to b1 feet/second; The plate was heated electricélly and |
radiation and conduction losses were calculated. The average

plate temperature veried between 150°F and 380°F.,  Air

1
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temperature was taken as that of the bulk of the alr stream.
He correlated his data by the following relations :

For air stream velocity <186 feet/second

n = 2+ 0.281 U | | 116 |
For air stream velocity» 16 feet/second | . %
n = 0.945 uY-682 I1-7 |

Since mass velocity rather than linear velocity is the

fundamental variable in forced convection equations, 1t is

(45)5that the velocity U be multiplied by igg I ZO

recommended

when the temperature t of the air differs materialiy from VOOf;;

Effect of plate length on heat transfer.

Another series of experiments was carried out by Haugke(gl)

on two parallel plates having differing lengths. Four pairsyof

plates were used,:having lengths 1.64,56a28; 4,92 and 6.56‘feét.
In all cases the distance between the plates was kept‘at 1189 ins.

He found that the coefficient of hedt transfer increased
with decreasing the length of the'platesiaccofding to the

expression

h = o.os ©Os7Tl 1=0+29 II-8

This can be compared with Latzko's theoretical expression
(I-22) which shows that (n) should be proportional to (L“O‘z).

e e o

(1)

Ali undertook a second series of experiments to investigate
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the effect of the plate length on heat transfer. He used a
flat plate 10 x 5 inches, fitted inside the wind tunnel, The
heating coil was constructed of six individual heaters, each
naving the same width as the brassplate (5 inches), with lengths
of 1, 1, 14 , 1%, 2 and 3 inches successively. The\input to
eagh hgater was adjusted separately so as to méintain the temp-
erature of the heating surface constant all over the entire hot
surface for a2ll running conditions. |

He found that the local coéfficient of heat transfer was
comparatively high at the leading edge of the plate; Then it
decreases gradually till a length of 7% inches downstream is
reached, after which the vdaue of the local coefficient becomes

practically constant.

Effect of unheated starting length,
(26)

Jakob and Dow conducted an experimental investigation
to determine the effect of different hydrodynamic starting
lengths on. the heat transfer coefficient. The Heating surface
in their experiments was a copper tube 1.3 inches in diameter
and & inche& long, with an electric heéting coil inside, Wooden
nose pieces of varying length served to vary the hydrodynamic
starting length., |

Air was passed through a channei and discharged by a square
nozzle 10 x 10 inches into the room. Axes of the nozzle and

the heating tube were coincident.,  The air velocity was varied

~ from 10 to 150 feet/second,
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The total heat glven to the coll was measurcd by a
wattmeter, and thermal losses were estimated. A pitot tube was
used to measure the alr stream ve1001ty, which was determlned
at a single p01nt midway bctween the ends of the hot cylinder
and two inches from its surface. Seven different nose pieces
were used, The ratlo of the starﬁlng 1ength to the total length
was varied from 0.101 to 0,606. | -

Reynolds number(R ) and Nusselt nuMber (Nu) were deflned as

R, = =t ,  N ‘anq ,"Nu - hkLt 11-9
v o T . £
where Lt = total length of cylindrical surface
= Ly + L, _ |
; LS,=:uﬁheated hydrodynamic starting length-
: Lh = length of heating surface
L% = kinematic viscosity at to
: to = ,temperature of)the bulk air -
- kf;zz thermal conductivity at,tf
t, = i‘(t + ) |
t = mean tcmper ture of the heating surche
 (other symbols have the usual mewnlngs) 1
Nu versusRe was plotted for dlfferent cases bf L: .
The turbulent region was genérally started at.Re betgeen
260,000 and 600,000,  Nu was also plotted wersus Li for two

constant values of Re in the turbulent region. The results were

represented by the equation. 'L
- P s
Nu = 0.028 R O*8 [?-+‘o;4 (=

e Lt

2.75
) ] o II-10
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TIf there is no starting length then, by substitution in

equation (II-10), we get
M = 0,028 RO TI-11

Effect of solid ﬁoundaries on heat transfer,

The difference between the effect of unrestricted and wall
bounded flow on heat transfer has not yet been fully studied. -
It has been recommended by Jakob(48) that more work should be

done for comparison of such cases.

Cope(7)cooled air in circulér and rectangular pipes with
the aim of approximating the three dimensional flow to a two
dimensionai one., Two rectangular pipes of internal sections 1" .
x 0,125" and 2" x 0.,1" were used. He observed the experimental' 

values of heat transfer, and also calculated them from the mean

surface friction by Reynolds' theory that

where H = heat transferred per unit area, Btu/ft.“hr. R
. P = fricitional force per unit area of surface,lb/ft;hrzé
C = specific heat , Btu/lb.°F | |

9 = temperature difference , °p

U = mean velocity , f£t/hr.
The results of the three dimensional experiments showed an
" gppreciably greater rate of heat transmission than that calculated
from Reynolds' theory. Thexesults obtained from the rectangular

pipes show that as the flow becomes more two dimensional in
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character, the ratio of the observed heat transmission to the

calculated one becomes progressivelysmallavand considerably

less than unity.

o Bai#@ and. Cope(5)éarried out some experiments in heating
and cooling water flowing.in a series of pipes of circular and
"rectangular_sectioné in the same apparatus and varying the cross—%
section from a équaré down»to a rectangle whose (breadth/depth)
ratio is comparativelyvlarge. ,~ﬂﬂu3pipesihad internal dimensions
0.673" diameter, 0.852" square, 0.748" x 0.355", 0,875" x 0,248"
and 1.0" x 0.126". The range of R was from 3,000 to 25,000,

using the hydraulic diamter® as the length parameter.
- Among the concludions drawn by the authors are : !
"1, That an inceease in surface friction does not necessarily
lead to a corresponding increase in heat transmission.

Ce That the heat transmission from a narrow rectangular'

‘ | pipe through which water is flowing and being heated -
is greater than that of a circular pipe under the same

sonditions, If the water is beingcodled the heat trans-—

mission of the flat pipe is less than that of the i

_ circular pipe. That is to say that the heat transmissioﬁ

‘décrcases'under "cooling" and inereases under "heating" §

conditions as the (breadth/depth) ratio increases.

The authors stated that the difference might be due to the
increasing rclative importance of the boundary layer; under
"cooling" conditions the mean temperature of this layer is below

that of the main body of the water and in consequence its

-

4 x area of cross=-=section
perimeter

% Hydraulic diamster =
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viscosity is higher, resulting in a smaller value of its Re.
The reverse would be the case under "heating" conditions

Washington and Marks(51)undertook some experiments on air
flowing through"rectangular passages. They used three horiz-
ontal, steam jacketed, copper walled ducts, separated at the
edges by strips of transite. The three ducts were all of th@
same height and length (5 inches and 4 Téet respectively), but
each had a different gaprbetween the side walls, the gaps being
", =" and j%;”; No calming section was used, but the abrupt-
ness of entrénce wééﬁreduéed,by the use of an entrance cone,
The wall temperatufe and the inlet and outlet temperatures
were recofded by 00ppef~constantan thermocouples. The a ir
velocity was determined by measuring the pressure difference

across a calibrated orifice. The apparatus used by Washington

and Marks is shown in Fig.4,

2ab
a+b

(where a = height of duct, and b = gap between the side walls).

The data were correlated by the equivalent diameter D =

The air speeds'were
9.8 to 131,83 feet/second for the " duct
7.46 to 111,1 feet/second for the " duct
3,76 to 59,6 feet/second for the j§~"duct.
The results for the heat transfer coefficient versus average air
velocity'for the three ducts are shown in Fig.5. They are showni
also in Fig.6 as Nu versus Re' ;

The authors stated that the flow was viscous up to
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J%%?~ = 3400, It became fully turbulent when :;ED exceeded

16,000, in which case the data were represenﬁéd,by_the equation

: o : ) 0.8 »
WD _ o,0z08 (£E2) T1-153
k ‘ S

where U = mean velocity

other symbols have the usual meanings.
It was noticed that in the viscous flow an increase of the
gap between'fhéﬂwails produced an increasc in the surface
coefficient of heat transfer and a decrease in the fricition

gradient.

- Sams and Weiland(45)conducted some cxperiments to obtain
forced convertion heat transfer data for flow of air between
parallel flat plates forming passages of short iength—to—effective
diameter ratios, wTﬁéy'used two,staokslof thin flat plates, each
stack having nine plafes,!"Each plate Was 3.5" long, 3" wide
and 0,018" thick. TﬁéWSpécing between each two plates was Z".

A 24" long wooden approach section was used so as to have a.

uniform stream at the leading edges of the plates.

The plates were heated»electrically till temperatures of |
about 200 to 220°F, - The air temperature was gbout 53°F,  The
arithmetic mean temperaﬁﬁre of the air (before and after heating)
was taken as its bulk temperature,  Various gépskbetween the
| two stacks were applied, and alsd the effect of misalignment
 between the stacks was studied. The effects on heat transfer -

‘ wereysmail, but generally the heat transfer coefficients wefe4high;




27,

Three mean airstream velocities were applied, namely 68, 108
and 172 feet/second. The corresponding averagecoefficients of

' | | ‘ O -
heat transfer were 24.3, 36.7, and 55.4 Btu/fthr,CR.

CONGLUSION.

From the rosults given in this and the preceding chapters
it becomes clear that the experlmental results for turbulent
flow heat transfer coeff1c1ents lie, gcnerally, hlgher than “
mathematically calculated ones. When a pl%te 1s placed 1n a.
stream of air in a wind tunnel this stream is not completely
emooth, but is, to a gfeater or less extent, eddying. Thﬂs,'
in addition to the maih velocity of the stream, the air at any
point has an eddying or irregular velecity, the mean value of
which is zero, . In the mathematical treatmentiof heat transﬂer’
in turbulent flow;‘generally; the mean flow components only are
coneideredb , | ‘

7 MacAdams(ag)discuseed this problem and showed why litﬁle.
success Tollows attempts to apply mathematical analysis in the
predlctlon of heat transfer from the fundamental equation for
heat conduction in mov1ng fluids , unless cmpirical corrections
are introduced. These correction factors may be determined.
experimentally as the details of theymechanism of turbulent flow
are not fully recognised as yet,

However, the experimental results do not agree among them-

selves, The inlet conditions have much to do with that. The
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results are specially dependent upon the overall dimensions and

the specific proportions of the equipment, This was pointed
out by Fishenden and Saunders(lé)who stated that the heat
transfer coefficient depends to a considersble extent uponlthe

conditions of'fiow, such as the depth of stream and the'veloqity
distribution.

In thé'following chapter some approximate expressiohs wall
be derived. They show the effect of some flow conditions on

heat transfer,
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CHAPTER TIT.

GENERAL THEORETICAL CONSIDERATIONS

In thié éhapter a general discussion of the flow parallei
to a flat surfacé and between two pérallel flat plates will be
given, The effect of the flow conditions on heat transfer will
glso he discussed.,

The case of heat transfer from a flat surface to a fluid
flowing in radial direction parallel to the surface has not been
considered before, An approximate mathematical solution to th§:;

will also be given, It is hoped that the ideas described here

furnish thebeginning step in this direction.

Flow parallel to a single flat plate,

When a uniform stream arrives at the forward edge of a
thin plate the fluid has, practically, the velocity (U) at all
distances from the plate. The fluid next to the plate is then
forced to‘remain at rest while the main stream flows on with
velocity U. As 2 result a thin layer is formed in which the
viscosity forces of the fluid bring abouﬁ a change of velocity.
As the stream moves over the surface, the retarding effect of
- viscosity forces gdrdually penetrates deeper and déeper into the
surrounding fluid so that the boundary layer increases in thick-
ness (Fig.7).

For some'distance downstream the flow in the bbundary layer

is laminar, This laminar flow is followed by a transition to




' LAMINAR SUBLAYER

LAMINAR TRANSITION 4, TURBULENT _
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Fig. 7 : DEVELOPMENT OF BOUNDARY LAYER
ALONG A FLAT PLATE .



30,

turbulence when ( zf ) reaches a certain critical value where -

x is the distance from the leading edge of the platé. This
critical veliue depends generally on the distufbances present
band on the cdnditions at the front of the plate., In the turbu-
lent stage, finally, the thickness of the boundary layer increaseg
more rapldly than it did in the laminér range. Within‘the
turbulént boundary layer, however, a very thin laminar £ilm

. 5till exists next to the surface, being a permenent feature of

ahy fully established flow.

In problems where it is necessary to consider a boundary
layer containing both laminar and turbulent portioné it is
customary (Ref.19, page 329) to neglect the length of the

Transition region.

Iffect of flow conditions on heat transfer,

(12) suggest that the velocity

- The measurements of Elias
and temperature distributions for the fiow in the boundary layer
aiong a heated plate are of the Samé form. Because of the
analogy between momcntum transfer anq,heat transfer the mode of
heatktransmission depends upon whether the flow in the boundary
layer is laminar or turbulent. It ﬁay be expected that
Pohlhausen's equation (If15) will be applicable to a certain
length of the plate where the boundary layer is 1aminar,;whi1e

Latzko's equation (I-22) applies to the remaining length, where

- the boundary layer is turbulent, An average viue of (h) all
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along the plate may lie, theoretically, between the values given

by the two expressions, .

‘To deduce an average theoretical expression the following

definitions are introduced :

L = total 1sngth of the plate.
X = length subject to laminar boundsry layer (X4£L)
U = main stream veloc;ty '
hy = heat transfer coefficient from equation (I-15)
hy = heat transfer coefficient from equation (I-22)
hm = overall average coefficient of heat transfer.
The average coefficient of heat transfer is given by
X L-X
hy o= F- . hy 4 == . h,
= h, + 2 (n -n,) © IIT-1
- t L 1 t
or  hy = hy + f(Y L,»U) S III 2

The Value of 'f can be zero or olther @031t1ve or ncgatlve.

var small Stream velocities (hl) ig 1arger than (ht)’ and
() ié positive. When the strcqm’velocity inéreqses (h )
increases faster than (hv) A value of (U) is reuched where
hl = ht{
and the value‘of (£) becomes n@g“thC, thus glVlng a value for
(h ). smaller thqn (h ) |

Another influence is given by (L) If (L) increases then,

for the same value of (u), (f) decerSbs £i11 1t becomes ZEeT0.,

, by
ht'
than one at small v¢1001t1es and plate lengths0 This ratio

 These two results lead to the conclu81on that is greater

decroases when elther (U) or (L) increases.

After that value of (U) the value of (h ) exceeds (ny)

E
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Ir h = K, U8 *theh fn' should lie somewhere between 0,5

Mo

and C.8. The vqlue of n will be nearer to O 5 the shorter tbﬁ;

p:mte. r L¥X then n = 0,5,
- The effcct of turbulence qt the leading edge of the plﬁte

is to reduce the value of the critical Reynolds number, thus -
reducing the value of (X) in equation (III-1).  This, for ‘the

same values of (U) and (L), mokes the value of (h ) nearer to a

.thnt of (h )

Flow ~nd Heat transfer between two parallel flat plates.

The flow.between two parallel flat plates is much affeeted
by the gap between the plateo qnd the dlstance downstreqm.
When the two plﬂtes are widely spaced from each other the thick-
ness of the boundary 1ﬂyer 1s very emall campared Wlth the -
'dlstance between the plates. In this case none of the plﬁtes
.hae an appreciable effeet on the other,"and eaeh one of them can
be considered as a single flat plate placed in the stream.

However, when the two plﬂtes become nearer to eﬂch other,

(19) has shown

different conditions begin to exist. ,Goldeteln
that with certain types of entry the flow, when it enters a duct,
1s uniform over a cross-section.  Later, the fluid near the

wall is retarded, with consequent acceleration of the central
portions in order to ensure that the flux is the same ecroee all

sections., The retarded layer grows in thickness until it fills

the whole duct, and ultimately the final velocity distribution is

attained, ’TherefOre;‘for laminar £low between two parailel

P -
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plates, the parabolic dlstrlbutlon of velocity is attained only
after a sufflclent dlstnncb from the cntry, and the velocity
distribution in thls 1nlet lenath' depcnds on the conditions
qt the entry. | | 7 |

Ir care is tqken to huve the fluld free from dlstufbanoesv”
at the entry, the flow 1n the duct for some dlstﬂnce x from the

entry Wlll be lﬁmln T even though tufbulence may develop further

downstream.: The vﬂue of BF at whlch the tran81hon starts
may bc equ 1 to that for flow dong . flat plqte.' After the
trqnsmtlon to turbulence takes plﬁce9 a further dlstanoe is
requlred before the ve1001ty dlstrlbutlon across the scctlon'
takes 1tQ flnal form¢4 Aftcr that dlstﬂnce, when the turbulence
becomes fully developed, the Plow in qny one section is the same
as that in any other'one. : :

These flow conditions affect the heat transfer seriously.
Some cases of éufficiently long plates have been discussed in
Chapter I."'But,vésmshoWn’préviously;ithe'ccnditiOns in the
inlet length are entirely different.  The heat transfer
coefficients close to the entrance are much higher than those
found downstream because of the severe temperature gradients in
the entrance. | #

In the case of turbulent flow heat transfer wider gaps
heve two advantages |

1, Turbulence in the main .streom incrééées'ﬂs the distance
between the plates increases. The fluid partlclus will
have more freedom to move in dll directions.

2+ As the gap increases the inlet length increases, thus
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more heat will beifrensfernedu

(8)

An analysis has been made recently by Deissler - for

turbulent heat transfer in the entrance regions of smooth -
passages., He studied the effect of (R ) on the value of —§Ea—
for different valucs of b (where Nyd = value of Ny when the 11
flow becomes fully developed, X = distﬂnce from the entrqnce)
The values of gud close to the entrance were higher for the

low Reynolds numbers than for high ones, This effect dies
gradnally as we proceed downstream, This‘means that, at a
point near the“entranee,;the increase in Nu with Re is slower
than that of Nud. In other words, if - |

_ ny _ ng
. NuoeC :Re' - - and © Nud € Re :

then ngimust be‘bigger than ni. The difference between’n2 and
1, decreases as we go downstreom, Therefore, fer smaller
alues of b we may expect a smaller exponent of the curve.~’It“
is to be stressed again,thatjtnis.applies‘only to the local
coefficients of heat transfer near the entrance. If the plates
are short thls reeult may be- reflected on the average coefficients

of heat trqnsfcr.
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. RADIAL FLOW OF A FLUID PARALLEL TO A FLAT SURFACE,

The difference between this case and that of uniform
parallel‘flow lies in the fact that the main stream velocity in

this casewaries from onerpoint to another in the direction of

flow, Accordingly the4growth of the boundary layer does not
follow the same’simple rules.  Similarly the heaf transfer
will not,follpw the;formulae given in Chapter I by Pohlhausen
and Latzkb.

The heat transfer in this case is much affected by the
difference between the radii of the heating surface and the
ratio of them.v As the main stream velocity varies at different
’radii‘a defiﬁitionris necessary‘for o certain reference velocity.;

This will be referred to as the mean velocity of the main stream.

Definition of the effective mean velocity of the main stream (Um)

The effectlve meﬂn ve1001ty of thc main streqm is deflned
as the unlform v01001ty at Wthh partlcle of the fluid trnvels

betwecn Padll T, ’ﬂnd rg in thc same 1ntervq1 of tlme as the

.actual ‘case of ra dlql flow. Thcrcfore we have

e Py = T
2 1
t] = ————= o ITI-3
where §t = interval of time
- .U = wvelocity at radius r
L Ui

r
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ét = I‘SI’

Ulrl '
~ it o= r dr
~L-]r1 ST Ugreq rq ,
: P2
-5 Uty | Ili-4

From equqtlons (III-3) and (111-4) we get

| - euyr
U = ——%;%~ ITI-5
m T Ty try —

TheICOrrcsponding mean radius/(rm) is therefore the arithmetic

mean between ry and r2,

Heat Transfer between a flat surface and air flowing in radial
direction as compared with heat transfer to air in uniform

parallel flow,.

The theoréticnlyexpression derived by Latzko"(equ%tion"

I- 22) for heat transfer in uniform Dﬂrallel flow was based on
~ the assumptions given by von quman(zs) for the thickness of the
- boundary layer and the velocity distribution inside it. Small
velooities>Wéreyassumédiahd the preésure outside the bouﬂdary
layer Wés consideredyconétant. A

However, With varigbienwin.stream yeiocity both theoretical
and experimental evidencéfaré at aiminimﬁm. The pressure'out-
side the boundary 1ayer is not cbnstant and. the growth of the
’boundary 1ayerais affected by the variatioh of the mainstream
ve1001ty. "As a method of prediction of the heat transfer in

this case, the use of the flat plate correlation will be made
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with some modification,. Although it may be a rough‘approxi-
mation the effect of the pressure gradient will be negieoted
here, The_temperature difference betwecen the surface and the |
fluid outside the boundary layer will 2lso be asssmed constant.
The gfowﬁh of the boundary layer wiil be considered affected by L
the effective mean velocity of the mainstream. Other assump-
tions used by Latzko are also assumed here,

- If the radial flow starts at a radius Ty with velocity Ul’

the mainstream velocity (U) at any radius (x) will be given by
U, | '
v o= —1d - I1I-6

The veloeity distribution in the boundary layer is given by

| 1/ S
el o (L _ ' -
T = ( 5 ) o III-7
where 1 = velocity inside the boundary layer at x and y
x = radius
y = distance normal to the surface (¢ & )
% = kthickness of the boundary layer.

The effective mean velocity (Umx) between radii ry and x is

: 20, r
u__ = 1°1 :
mx "-'r'l"'+" ~ 'X' e | ITII-8

and the thickness of the boundary layer at a radius x will be

¢ 3y 0.2 0.8
o= 087 ( i ) . (x - rl) IIT-9
UL ;

Similarly the temperature distribution in the boundary layer is
given by |

R = (=L - ' TIT-10




38, |

where © = tempenrature difference between the surface andv
the fluid at y. |
@o = temperature difference between the surface and
the main stream,
e X > dxi‘
, |
o Ur"‘#/’
RN k
—l -——)//t
" - L N |
¢ Ty e )
= To >
Figure 8.

A flat plate of unit width is now considered (Fig.8). The
plaﬁe extends between the lines rl and Poo The fluid arrives at?
ok
equation (III-B),

with velocity Ul’ and then the velocity varies according to

Neglecting the heat of friction, the equilibrium in ah‘ele—%

i

ment of the boundary layer will be given by the equation

a9 .
o} =pc@odxjudy-pc-a-§-fu@dy

where qQ = heat glven rer unit length of surface.
Substitution for u and 6 From equations (III-7), (III-6) and

(III-10) gives

-
4 = 72

From equations (III-9) and (III-8) we get

8‘ 0‘57 [ "} (.X + 111) 0.2 gX - Ia12098

cpe, Uy 1 dX (———) ITI~-11

1l

X P Ulrl X
0.2 0.2 0.8
_ v ° (x+T1)""(x -T1) CIII-12

11
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It follows from equations (III-11) and (III~ 12) that

0.9
V08 g T (raT) (x 1‘1 ] III~153
qg = 0,0356 °P9U11(2U11 = -
The total heat 1nput 1s given by
Q v J)'\T dx oL 0.8
= q 0.8 02 - ' N
: v, +P. -~
o Ay (P2 (FeT1)
= 00556c@ (PUll) (2)L 5
= hoe,. (ry a-‘rl) SRR III-14
o . ' 0.2
_ . ' . G2 (1‘2 b rl), .
. h - 000556 C(’QU ) ( ) [I‘z‘(rz — rl)@‘tv]
. DU R - 2 02  To + T, ’
= e e 1 -
= 07.0556‘0(:,@%) A ( = ) . R ) I’IIV 15
where L = r2 - rl.
In the dlmen31onless form equatlon (II1-15) becomes
(_12'—) = 0,0356 ('/u ) (C/") ( 2 1) TII-16

‘The influence of the ratlo of the radll appears in the termé
(fr 1 1“1)
- Equation (III~15)may now be compared with Latzko's:
expression (I-22), If we put. o
h, = value of h given by equation (I11-15)

r
and h, = value of h given by equation}(1-22)
then we have h, r,t+r, - | |
- r. . 2.1 S III-17
h 2 r ST ,

This means. that for radial outward flow the coefflclent of
heat transfer may be expected to be lower than that when the flow
is uniform. ‘When the value of the inner radius (rl) approaches

that of the outer one (r ) the Valué of (hr) approaches (hu). A

‘hp rq «
graph for the ratlo ( ) versus ( ), calculated from equation
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(III-17) is shown in Fig.9.
Another trial was made when the boundary layer was

considered laminér, For uniform parallel flow the velocity

distribution in the boundary layer is given by(19>
3 4 _
R S ©) A . AN, IIT-18
U 5 $3 &4
and the thickness of the boundary layer is(lg)
-y 1 795 ‘
5. = 5.85 L"T—_f | III-19
’Where 1 = distance from the leading edge of the plate,

Equatlon(III~18) was also used for radial flow, and the

thlckness of'me boundary layer glven.by

| 0.5 ' |
X = 7
§ = 5,83 3V(U 1)] ' III-20
’ L mx i . )

(all symbols have the usualeeanings)'

The temperature distribution is

3 4 |
2 - Bl =gy o ITT-21
GO S s -éilzjc- , . : . v

The same procedure for the turbulent boundary layer was

applied here, and the final rbsult is

U 05 1y + p '
h = 0,686 c (’o mM) . (-,-g—-;.--—l—> III-22
o
“and ; ' ’
S u.L 0.5 re 1
(-EL) = o.686 (’° ) () (— o ) TIT-23

A similarly derived expr6381on for unlform parallel flowgmes

h o= 0.686 o (2 m’“’)o 5 TTT-24

The ratio between the results given by expressions (III-22)

Po + P
and CIII-24) is 2lso equal to ( 2 1,

In this simplified treatment the effect of the pressure
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- gradient was neglected. Equation (III-17) may not represent

the right values, but it generally gives an indication of the

tendency of heat transfer, There is also experimental

evidence that the heat transfer in uniform parallel flow is

generally higher than that in outward radial direction.

 will be shown later.

This
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 CHAPTER IV,

DESCRIPTION OF APPARATUS,

The apparatus consists mainly of three components :

1. Air passage
2., Heating unit
3. Measuring instruments.

ATR PASSAGE,

(i)> Main plbe : | |
Thls was a horiaontal 01rcu1ar galvanlsed plpe of dlameter
6 1nches and length 6 feet._ One of its ends was conﬂeoted to
an alr blower, and the other end led to the worklng sectlon.
Inside the plpe Were two honej~combs, a nozzle and a bearlng
.supporto  The pipe was supported on the benoh by three wooden

Supports, its axis being Sz inches above the bench._

(11) Alr blower !
It was of the oentrlfugal type and drlven byadlrect current
inotor° Alr was sucked from the room and blown mnto the main “
'plp€.4: The dlameter of the blower outlet was 6 inches., Its'
ax1s was in the same horlzontal 11ne as that of the pipe axis.
Some of thee&perlments were carried out with a motor and
the blower connected together by means of a solid coupling.
oThéy Wero both suppOPted on one solid base which was fixed to
‘the floor, Later, it was found of much interest to extend the

range of air discharge,and another motor was used. This was

mounted on a special base; and the powef was transmitted to the
‘ )
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blower through an endless V=belt,

(iii) Nozzle (for measuring the air.flow):

| The nozzle was made of brass and generally in accordance
with British Standard 726 (1937) and British Standard 1042(@945),
It was fixed inside the main pipe;fzz inches from its inlet..

The axes bf‘thé'nOZZle and pipe were coincident, Details of
- the nozzle are shown in Fig.10,

(iv) Honey~combs:
Two honey-combs, having octagonal cells £ inch side and
of length 3 inches, were introduced, one being placed at the

inlet of the pipe and the other at the downstream of the nozzle,

The aim was to prevent swirl induced by the fan impeller ébout

the direction. of flow parallel to the axis of the-pipe.

(v) Bearing support :

| This was placed 6 inches before the outlet of the pipe énd
fixed to it by 8 screws. It served to carry one end of the
shaft ¢érrying the unheated disc, The support was made of brassy
and wood so as to be solid, light and causing the least possible

disturbance to theairHStreém.

(vi) Inlet 0 working section

This wesg designed so as to redﬁce inlet disturbances and
to achieve a uniformly anverging airstream resulting in a flow
barallel to the ﬁlatés.‘ AJsmooth bell-mouthed piece of wood
(Fig.ll) was fixed with 4 screws to the unheated disc, Its

maximum diameter was 7 inches.
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(vii) Working section and anheated disc : |

One side of the working section was formed of-the heating
unit. The heating surface had radii 43" and 8". It was surr-
ounded by an asbestos ring of outer diametef 18 inches. The
space between thé heating surface and the pipe outlet was filled
with another agbestos ring which formed a part of the bell-mouthed
inlet. o

The other side of the working section was the unheated disc
(Fig.lZ).v Thés was simply a brass disc of 18" diameter and 3"
thickness, Seven thermocouples were plaéed,at different points
on the unheéted disc to determine its tempefature. Their
positions are shown by numbers 15, 16, 17, 18, 19, 20 and 21 in
Fig;12,“ The technique followed in fitting'these thermocouples-
was the same as that of the héaiing plate; and it will be
described later. Two holes (mark A in Fig.1l2) were made at
radii 4% and 8 inches %o ol low for thermocouple leads to pass to
meagure the air temperature at the beginning and end of the

heating surface, To prevent heat conduction, the wires of the.

two thermocouples were passed through two glass tubes 3/32"
diameter, The glass tubes could move through tufnol tﬁbes which |
were screwed into the holes (A). Two other holes (B in Fig.12)
of diameter 0,028" were made at radii 4% and 7% inches to measure
the static heads at those two points° - Other holes C and D will

be described later.

A brass boss of 2" diameter and %" length was fixed to the
~disc with 3 screws. Both the disc and boss_were mounted on a

steel shaft of diameter 3", the shaft being mounted on two supports,
e R , )
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One of these supports was inside the pipe, and the other was

fixed to the bench.

A diagram of the air passage is shown in Fig.13.

HEATING UNIT.

- The heating unit comsists of the following main componentss.

(1) The heating plate

(1i)  The main heater

(iii) The guard heater

(iv) Agbestos between the main heater and the guard heater
(v) Brass frame & asbestos sheets and rings., -

The construction of the heating unit is shown in Fig.14.

(1) The heating plate : |

This was a circular’brass plate of thickness 3" and inner
and outer diameters 9 énd 16 inéhes respectively. Ten holes,
0,052" diametergrwere drilled in the plate in'thé'positions
shown by numbers 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 in Fig.14.

A 60% cone was made &t the front surface of each hole, At the
other surface of the plate ten grooves were provided,

The copper constantan thermobouples, which were made of 26
gauge wire, were positioned in,this monner ¢ The ends of the two
wires forming a thermocouple were twisted and then f{ged together
by mééns of an electric spark in an atmosphere free from oxygen;
thus forming the hot junction. Théy were then placed in a hok
and fixed by soldering, and slightly hammered to £ill the 60°

cone, Each thermocouple was then embedded in its groove,the
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grOOVe was then fllled w1th a solutlon of ﬂsbestos powder and
water glﬂss. | The thermocouples then passed from the plate
through holes in the aSbestos and frame. - The conductlng w1res
were. 1nsulated w1th glass spun fleG Whlch appeqrs qulte satis—

'chtory up to temperatures of the order SOO Ce

(ii) The:maln heater : | |

Two mica rings of fhickness,0.01? were used. . One of them
had inner and outer’diameteﬁs9 and 12 inehes, the other 13 and
16 inches. ‘A nickel'chremium heating tape of cross-sectien
, 0.05Q“x 0;008” wes wound in series over them.  The mean pitch

over the two rings was £,

This unit was then. placed between
two mica ®ings, eaah of thickness 0;01”9 and inner and outer

diameters 9 and 16 inches respectively.

(iii) - The guard heater:

Mica rings used for the guard heater were of the same dimen-
sions as those used for the main heater, The only difference
between the two heatefs'was that the nickel-chromium tape used

for the guard heater had cross-section 0.025" x 0,006",

(iv)  .AShestos between the two heaters : | |
This was s circular sheet of inner and outer diameters 9 and

16 inches anQ‘thickness’%".< ‘Three’thermoeouples were placed

and embedded on each side in such a way thst,three pairs of idenr

tical thermocouples were I ormed. The heads were placed at

radii 5%, 6% and 7% inches.
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copper tube was then soldered to a specially designed micrometer
with one division representing 0,001", The construction of the

pitot tUbo gnd micrometer arra ngement is shown in Fig.16.

The mlcrometer was designed to be carried by the body of the |

unhCQtud disc (holes C, Flg 12), In thls way the distance of thﬁi

p01nt of measurcment from the surfuce would be aasily determined
bfrom the mlcrometer inltlal reading and a s1ngle measurement of
the distance cofrespohding to one particulgr reading. The head
hranch of the pitot tube was aligned With its axis alohg the
wind directioh; that is;'tdwards the axis of the 6" pipe. The
other endlof‘the " cop?er tube was conneéted to one side of a
Casella micromanometer whose opposite side qu conhected to a
stwtlc head hole ﬁt the same radius as that of thelegdlng end of

the ’co’ml head tube (holes B, Flg.lz)

- Other measuring instruments were

1. Voltmeter

2, Ammeter

3. Potentiometer set (reading 5 micro-volt)
4.  Selector switch

5, Thermos flask.with ice

6. Wet and dry bulb hygrometer

7. Tachometer | |

8. Two ineclined tube manometers

9. Casella micromanometer,
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the heaters to measure the voltage drop across it.
The rear sufface of the unheated disc (Fiz.12) was covered
by an asbestos disc of diameter 18” and thickness ". To adjust

the distance between the heating surface and the unheated disc,

thfee " screwed holes,(marked D in Pig.12) were made equidistanti
from each other at a dismeter 153" in the usheated disc, Then |
the distance was adjﬁstédbby the number of turns made by the
screws. |

Because of‘the wide range of emissivity of brass, the
surfaces of the heating brass plate and the unheated disc were
covered Wlbh a thin 1ayer of matt black paint, thus assuming an
em1s31v1ty of O, 97(16)

A selector switch and a thermccouple potentiometer set were
used to measure the eclectomotive force of each thermocouple to ané
accygracy of 0,005 milli\:rolt° The connection diagram for the
- thermocouples, selector switch, potentiometer set and common coldk
junction (ice m thermos) is shown in Fig.18.

It is to be mentioned here that the two thermocouplés used
for measuring the-tempefaﬁure of the flowing air were of different
wire from'the rest of the thermocouples, These two were copper
constantan of 30 gauge (0.012" diameter), They were made in tle
same manner as the others and similar calibration wgs carried out
on them, The juntiéns were polished, and during the actual
experimental work care was taken that the Junctions were always
clean., This was necessary’to reduce the heat radiation between

them and the heating surface to a minimum,
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Generally, the temperature of the flowing air was taken
nearer to the unheated disc than to the heating surface.

A wet and dry bulb hygrometer was placed near the inlet to
-the air bloWer to indicate the wet and dry bulb temperatures,

A photograph of the final set-up is shown in Fig,19.




PHOTOGRAPH OF FINAL GLT~UP
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- CHAPTER V,

CALIBRATION OF MEASURING DEVICES.

Calibration was carried out on the following :

- 1. Thermocouples
2. Nozzle .
%, Small total head tube.

 CALIBRATION @ THERMOCOUPLES,

There_ére three distincﬁ WaysAof calibréfing a thermocouple,
The first ié by direct compafisoh'with a standard thermometer
over its working range. ‘The second is to determine the fesponse
for certainjaccurately‘Khown fiked points and to fit an eQuation
to these, The third is the deviation method where responses are
measured at somevfixed points over the range, the deviation from
the,response of a gtandard thermocoﬁblevcalculated and a curve of
~deviation against’standard response drawn. -~ From this deviation
curve and the standard‘curve a calibration curve for the particular
thermoéoﬁpie iszdrawh; | . o |

In fhe present Workﬁ'the deviation méthod Was choseﬁ. Cali-
bration wéérbdfried/out With~a:suitable glass Jjar and condenser,
known as a'hypsdmetef; The fixed points éhbsenAwere the boiling

points at atmospheric preSSure of water and naphthalene. The

% The calibration described here was for all the thermocuuples
used to measure solid body temperatures. Similar calibration was

carried out for the two thermocouples used for measuring the

temperature of the flowing air. ‘ :
N

R i
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Temperature Response Standard response Deviation
100,28 0,003%975 04004289 -0.,000314
218.2 0.,009508 0,010264 ~0.,000756

From these values the deviation curve has been plotted,
Fig.20, giving fhe deviation against the standard response.
From this curve, deviations from the standard at all temperatures
have been read off to give the calibration curve shown in Fig,21.

Fig.22 shows the calibration curve of the thermocouples

used for measuring the temperature of the flowing air,

CALIBRATION OF NOZZLE.

For the calibration of the nozzle, a method similar to that

(28) was applied. The hozzle described in

‘recommendedby Ower
Chapter IV was placed inside the pipe,vand the calibration process
took place, Upstream and downstream tappings were connected to B
the opposite sides of the manometer, to give the pressure diff=.
erence across the nozzle, A standard pitot tube Was}used to
measure the velocity distribution downstream in the pipe in
vertical and horizontal planes at the same cross-section. Two
honey-combs, having octagonal cells §" side and 3" length, were
_Placedfar upstream and downstream of the nozzle. Fig,23 shows
the relative positions of the pipe, nozzle, honey-combs ‘and
Pitot tube,

The velocity heéd was measured by a Casella micromanometer,

From the veloclty distfibution in the two perpendicular planes

an average velocity distribution curve was obtained, Different
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by the air density, gave the total discharge through the pipe.

‘through it were calculated. By multiplication, the diécharge

|
55. !
|

velocity traverses were made corresponding to different pressure
differences across the nozzle, the pressure difference being kept
constant during eéch eXperiment. The steady'rotation of the air
blower was checked'by means of a tachometer every 15 minutes,

TQ calculaté the amount of air flowing per unit time, the
pipe was divided into hine cifcﬁlar Zones with‘centréé'at the
axis by circles of radii 1.5, 1.7, 1.9, 2.1, 2.3, 2.5, 2.7, 2.9 |

and 3.0 inches. The areas of each zone and the mean velocity
through each zone was dbtéined. Addition, and then multiplication

Ten experiments were carried out for tﬂe calibration of the
nozzle., These correspond to ten different air discharées. The
observations and results are shown in tables 1 to 4 in Appendix II, %
Fig.24 shows the vélocity distribution curves for two different
discharges'(experiments 1 and 10) in the vertical and horizontal
planes and the average velocity distribution. A curve for the air
discharge in pounds per minute versus the pressure difference
across the nozzle iﬁ inches of waterkis showﬁ in Fig.25,

The denéity of the air, as affected by the barometric pressurs
and moisture in the air, was calculated as follows ¢

From the dry and wet bulb temperaturesvthe'relative humidﬁy
of the éir was oalculated(gg), The saturation pressure at the dry
bulb tempefature was determined from the 1939 Callendar Steam
Tables'18), Then by multiplying this by the relative humidity
the vapour pressure of moisturc in the air was obtained. The

density of the air was calculated form the formula(gzx
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6.

TN

Dcnulty of moist air = 1;2929 X 27%‘15 X B'gég785 & V-2
wherc VT = qbsolute temperature in °¢ absolute.

"B = barometric pressure in m.m. Hg, -
S e =v vqpour pressure of moisture in the air.in M, Hg;

This equ@tion 10 for thc C, G S system of unlts and glves the
density in grams/lltre.‘ The final result was converted to the
F.P.So system.k |

The ﬂlr ve1001tJ Was cnlculated from the ve1001ty heqd as

follows{,i . a\jifiiﬁi; ‘ o | ) 'V ‘  yes é
where U = air velocity, feet/second. E
~ a = coefficient of the Pitot tube (=1) |
g = acceleration due to grav1ty,
= 32.2 ft./sec.®. i |
- HV = velocity head, ft. of air, ' B g
By substitution we gt - o
U = B.65 7H-§’— | | g v-4
~where - H_ = velocity head, m.m: of water.,

P = density of air, 1bs,/ft.5. : o |

CALIBRATION OF TOTAL HEAD TUBE

The idea applied here was to maoke comparison between the
readings glven by the small total head tube and those given by
a standard one. The calibration took place before soldering
“the tube to the micrometer,

The two Pitot tubes were supported near the end of a 6"’pipe,
with thelr qxes perallel to the plpe axis, and their leading enﬂs

at the same plqne wnd fa01ng the air streqm. The two tubes were

i
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CHAPTER VI,

EXPERIMENTAL PROCEDURE AND METHOD OF CALCULATION.

A - MEASUREMENTS,

The measurements required during the experiment were
recorded as follows ¢ S

1. Pressure difference across the nozzle : o !

Pressure'différgncés'ieSsvﬁhén‘l.S" of wgter were measured

by an inclined tube manometer (each divison = 0,01" water), One ||

‘tenth of each division could be estimated. Pressure differenées}
more than 1.3" of water were measured by a vertical U-tube. Thisﬁ
pressure difference was used to determine the quantity of air
- flowing per unit time. It alsb served as an indication of any
fluctuationof the motor speed during the experiment.r‘ - ‘ é
2. DBlower speed: |
This was measured by a tachometer every 15 minutes so as to
check the stability of the air blower, |
3. Electrical input: |
The voltage and current of both the main and the guard
heaters were measured separately by calibrated voltmeter and
ammeﬁer. |
4,  Temperature of the heating surface :
It was determined‘by measuring the electromotive forces of
nine thermocouples fixed as described in Chapter IV (Thermo-

couple number 10, Fig.14, did not give any readings and the

average of the other nine was taken).
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5, Temperature of the unheated disc:
This was.determined by measuring the electromotive forces
of seven thermocouples fixed as described in Chapter IV,
6. TFlow of heat in the asbestos:

This was prevented at the rear surface of the main heater

by adjusting_the electrical input fQ‘mﬁ guafd heater to»avcertain;
vvalué such that the threeﬁpairs of thermocouples placed at both '
'féurfacés of the asbestos between the two heaters gave identical |
vreadlnos.”” |
Heat flowing from the edges of the heatlnvxiatc was deter-
mined by four thermocourles embedded'in the asbestos; two before
the.working éection and two after it. |
7. Air température and hﬁmidity:

| Wet and dry bulb temperétures at the intake of thc air

blower Wefe‘measuredel The air flow temperature was also measuredl
at thé inlet and outlet of the Working‘Secfion asvdeécribed in
’Ohapter IV, | |
8. Veloolty dlstributlon betwepn‘the plates.
The veloc1ty head was measurud by the small total head tube
at dlfferent p01nts betwben the two platcs. The tube was conn- {

ected to a Casclla mlcromanometer which gqus readings to 0,01.

Mo, of water.

B - EXPERIMENTAL PROCEDURE .

For a certain required rate of discharge of air in the

working section, the pressure difference across the nozzle was




60.
determined, The spced of'the}direct current motor was ad justed
to give that pressure difference. Throughout the test this
preesure difference was kept constant, and the motor specd was
checked at 1ntervals of 15 minutes. | |

| For a'given electrical input to the main heater, the
electrical input to the guard heater was adﬂusted to obtain the
equllibrlum condltlon. Then tae voltage across bOtb heaters was |
kept constﬂnt durlng the test.r

- At intervals of 30 minutes during the experiment, the
following data were ohserved: |

6 thermocouple readingsﬂof the asbestos between the heaters.
9 thermocouple readings giVing the heating surface temperature
2 thermocouple reqdlng for the heat flow to the»inner i
asbestos ring. ' B ‘
. 2 thermocouple readings for the heat flow to the outer asbestos -
ring. , A ; ‘
7 thermocouple readings for the unheated disc temperature,
2 thermocouple readings for the air flow temperature.

Near the end of each experiment the barometric pressure
and the wet and dary bulbltemgefatures.wefe recorded.

Tn some eXperiments;the_velocity distribution between the
plates was'measured. This process always started after reaching !
the thermal steady state; - The two’opposite sides of the Casella
mlcromanometer were connected to the total nead tube and the
- static head hole., Thls process qu rcpeated at two radii, 43"
and g,

The average time required toAreachfa thermal steady state

Was about threekhours.




C_— MBETHOD OF GCALCULATION,

Analysis of heat flow.

‘The heat input to the main heater is distributed into the

°

following parts @

1. Heat lost by radiation from the heating surface.

o(a) Heat iost by conduction to the inner asbestos ring.
Q(b) Heat lost by conduction to the outer asbestos ring.
3. Heat’ trqnsferred to the flow1ng air by forced convection,

1. Heat lost by radiation.

saunders'®®) and Hotte1(23)

considered the problem of
radiantﬂheat interchange between‘.finife eurfaces. Hottel
found that the formulation of'point to point radiation in differmz '
enfiallform, and the infegféticnrbetWeen the desired 1imitslleadlg

in all cases to an eguation of the general form

. H, = 5. T Eb.cr‘ AT, T 4’) VI-1
where H£ = rate of heat trensfer by radiation, Btu/hour.
S = Area of one of the two surfaces, ft<. '
Fg = geometric factor, which allows for the average
_ - angle throughout which one surface seces the othen |
'AEb = factor that makes dlowance for the departure”of
| the two surfaces from complete blackness. ‘
o~ = Stefan-Boltzman consta ant., '
= 1,723 x 107° Btu/£+°,hr, OR?
TW = average temperaturc of the hot surface, °F abs.
Ty = averagentemperature of the tunnel walls, °F, abs.
Fg depehds on which surface is chosen for use in the area
term, and Fb is'a function of the individual emissivities of

both surfaces.
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One of the cases considered by Hottel was the radiation
from an element. a8 to a circular disc in a plane parallel tQ

that of d&S. For this case he gave

e o 9
Fg.—:—ig{l- £ +1-1R 21 VI-2
Vit 4 oo(1 -2%)x° + (1 + BR3P )
: e ¢ , VI3
and Fp = €, €5 -3
where R = radius of disc
distance betwcen planes
< _‘ distance from dS to the normal thro' centre of disc
- distance between planes : ‘
61 &€y = individual em1331v1t1es of the two surfaces,
In the present work, S tsktﬂken as the area of the heating

surface, T as the average. temperature of the heatlno surface i}w
and Td as the average temperature Qf,the,unheated_dlsc.
Thus S = 0,955 sq.ft.

The radiafion from the heating surface is received partly
by the unheafed disc . and partly by the surroundings. The part
received by the dise can be estimated from equation (VI-2) by
putting the distance from dS te the normal through the eentfe of
the disc as #(4.5 + 8) = 6.25", Fig.27 shows fhat amount fer
different vdlues of the gap between the piates As the pert

received bJ the urrourdlpgs is comparatively very small, and

the dlfference between the room temperature and that of nhe un-
'heated dlsc is qctuﬂlly small then the error 1ﬁ ﬂssumlng
Fg =1 is very small and can be neglected.

The emissivity factor Eb 1s;genera11y taken between 0,97

and 0s94. An average value of 0,95 was chosen.
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!

“Thereforec the heat lost by radiation is

H =0, 955 x 1 x 0,95 x 1,785 x 10 9(T 7 4')

r
= 1.563 x 1079(1 % - 1.%) VI~

2o Heat lost by‘condmmtion from the plate sides to the asbestos

rings.
Heat transfer by conduction is expressed by the equation

o At
. Hc ‘—- ""k.Ao AX

VI=5

where:\HC = heat Tlow by conduction, Btu/hr.

k = thermal conduct1V1ty, Btu/ft.hr, °FF
A = area, %
At = temperature dlfference, OF;

x = distance, feet
In the present case there is heat conduction from the

inner and Oufer sides of the heatlng plate. So we have

Sy A b A . ~
He =’,-k( T}'C—l—- AOAXO ) VI-6

‘where i and o denote 1nner and outer SldGS res ectlvely.

- Average value for k = 0,1 Btu/ft hr, °F (32
A, =0.025 £t°,  , A = 0,042 £t
a X, = a X = 1/24 feet.
At; = t, = mean temperature of thermocouples 11 & 12 (Fig, 1&)
A;to = tw - mean temperature of thermocouples 13 &nl4d (Flg,Lél
g
B Net normal heat flow to the air stream : }
This is given by ‘
H = H - (Hf + HC) VI-7

where H_ = total heat input t the main heater.
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Average coefficient of heat transfer

nho o= H | . Btu/ft°.hr.OF. - VI-8
S.\tw - tm)\
Where"tm = mean bulk air temperature

‘mean temperature given by thermocouples pE
(chgpter IV),

il

Rate of discharge of air
This W@é'dirGCtly:determined from the calibration curve of -

the nozile (Fig;@é).

Point velues of the stream velocity

. - These were calculated fromueguation V-4, H, belng the head
given by_fhe total head tube divided by the coefficient of that
tube (Fig.25);. . | | |

Average value of air velocity at radius (r).

-This was détérmined by dividing the amount of air discharge

by the cross~sectional area at radius (r).

Effectiﬁé mean‘airstream velocity along the surface.
. This was calculated as defined in equation (III-5),
U= 2 Ujry > VI-9
- Py + Tp

‘£  After Fishenden cad Saunders (ref.15) and Rehsenow (ref.42)
it was‘found unnecessary to make any correction in the readingsf

given by thermoCouples B as the error would be very small,
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D - DIMENSIONLESS GROUPS.

- The values of the thermal‘conductivity and viscosity of airi
used‘in»the calculation of the dimensionless groups were taken |
from grﬁphs plotted from the data of several workers. These
graphs are given in Figs. 28 & 29 The properties were alwéys

evaluated at the mean bulk temperature of the air stream.

Calculation of Reynolds number, o g

‘InﬁthevpréSent work, geﬁerally, the characteristic‘diemen—,%
gion of 1éngth»is the gap between the heating surface gnd the |
unheated disc. At any radius (r) of the working section the air‘
discharge is given by | | |

12 W rbU = 27Tvr, bU

|
9= 1 ° P i
o
Q% U b |

:If Reynolds number is proporﬁional to é%gp— s then it can %
be put in the form ' |

oo L2 _a =  —2 » VI-10

S 7 /'L\, . Ulrlb - rlﬂh 4

Wherekall the gymbols have the usual meaning.
Equation VI-10 was used in calculating Reynolds number,

Calculation of Nusseit number

The formula chosen to calculate Nusselt number is

_hb
k

where all the symbols have the usual meaning.

Nu = VI-11
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66.
E — SAMPLE OF CATCULATION.

Gap = =" , experiment number 1.

The following'datalwere.observed‘:

Pressure difference across nozzle , = 1.,5" of water,
Voltage of main heater ’ = 195,1 volts
Current of main heater = = 2,481 amperesa |
Room’temperature | C =4'640F; %
Air flow}temperaturcvat rl, =_A66.OOF

Air flow temperature at Ty : = 70:9OF

Thefmocouple reqdlngs for equllibrlum between maln and. guard
heaters were | |

M@ln neater 81de . n.68  7.45 7.29
Guard heater side .69 745 7.27

Readings of the thermocouples of the heating surface (1 to 9)

vo

2.85, 2.86, 2.89, 2.86, 2,89, 2,89, 2,90, 2.90 and 2.89 |
Readings  the thermocoupleskof the unheated disc (15 to 21); E

0.75, 0.76, 0.77, 0.77, 0.77, 0.77 and 0.76. ﬁ
Readings of thermocouples of innef asbestos ring (11 and 12):

1.88 and 1,87,

Readingé of thermocouples of outer ashbestos ring (15vand 14):

1.43 and 1,40. |

, e f
|
“From the preceding data the following calculations ate made

fl

Amount of &ir discharge 761 pounds per hour

Heat input to the main heater = 1651 Btu. per hour

Mean tem-perature of the heating surface = 166,0°F,
Mean temperature of the unheated disc = 69,7°F.
Mean temperanture of inner asbestos ring = 121.5°F
Mean temperature of outer asbestos ring = 100, 5OF
ﬂean bulk temperature of the flowing ﬂlr = 68,45°F

eat lost by rediation = 1,565 x 107°[(625.7)%(520.4)%]

: = 117 Btu. per hour, 4
T — : S ————— s




67.

Heat lost by conduction = Oilx 24(0.025x44.5 + 0,044%65.5)
= 10 Btu. per hour.
Total heat loss .= 117 + 10 = 127 Btu/hour
Net heat of convection = 16561 =i27 = 1524 Btu/hour.

o - _ 1524
Coefficient of heat transfer = 0.955(166,0 — 68.4)

16,34 Btu/sq.ft.hr.°F
Cross-sectional area at arithmetic mean radius (r = 6.25")
= 0,0682 sq.ft.

Effective mean velocity of air = 761
o | | 0.0665 %3600 20,0748

41,8 £1/sec(correctad to 70

]

Dimensionless groups:
At 68.4° we ﬁave'(from Figs 2§ & 2%)
X = 0.,01482 Btu/ft.hr.°F

and M = 0,044  1lbs/ft.hr
o weixole

Be = D0dzx 4.5 T 46,180

Nu = 16,34 x 1 = 22.95

- 70,01482 % 48




et B
.A.v!;..!.. I+i+,L_::r:v

S S

bt s

1
t

+

i
o
L

B T

s e

43200

T

ll!ir

-

4o

i
g

jmt

+
e

'

bt

o e

i
i

o
H
i
+

S .

i
ot

1y ey

R

.+,+,,4,

:
:

i

ul
T

T+t
i
H

.
b
1
-4
T

-

T

[ o

IDISMB T

-+

T
|
—+
i
I
\
S

o ——i

4+

i
L

g
+

-

T

- e
A - SRS

H

73
i

T
e

b

e T T o S e e N
o ;

L

T

K

B LAt R R SOV NP §

bt

.
1
i

b

RR D S

'

Rk S S N

B .

i
She s
i

e
S B

Rt SI N N

]

s
AR NN W S

et

S

R S
FS

-

¥




'

: b

R FR- :

; : i

. R :
: b b P e {

bt

4

ho

7o

g

‘
-

_i.“,

B

T
i
|

e

-

i i | ; 4 U
” H ' -
“ ! 4o b
] 1] i
i j
e
- .
+t-d
e L 11 L bt
\w. — 4 + L. 44
e e J . v.Avl
o e -
- ) .
4 ; b R S I w
- L s +
" 4. . =
ok + L " 14 R
R EEENR RS ; a1 IR REE N RN RERE
i H b | | . f-. B ke R T I SR S S
ot . 4
4 } + a
} }. I -+ - | J = . .
T « ' HERI H
— . .
Tt i ; < :
S «, 1 R ‘
44— “ _w 4 4 __ - 4 b
4 e . b 4o L . g + - R , 4t B
! w , ; Ny .
i BERY
o prte - mv. B s T O T o
X

-

|
H
i

JEEES

n

yd

LA

IR

-
.

.

[
TE

-

1
1
e

T
et

b+
.+,

T
+

ke ek

.l

]
; A T

-
-t
l{_.

-+

g
i
+

SIS

| b ded 4

ISR N

(59

S




Ly i@

Sinaeat St i S i R S

e

.

"

bofoA;

+

S GO SRS

R I

1
+

{

1

1

J T o

B S e o

h Y

g

|

+

bd.j R T P"*’

FLRPCE

T

i

709y

i

44

B S R e -+

r

| R
I

4

g

b

[

+

1

- | Lo

/ —+ + -+

-+ st

i ;, — 214 -

: e S +

i " Aot 4

, | . _

g 4 et ¥

L | i !
f ' - Tk
+ 1 + —t +.
; 4 ¢ b
ot t



-
Loge
bt
Fod--b
T.T*
1+,+;
-t
I
ke
by
B
i
T+

b

*“1""2"

i
$e

[

t

{4

TS

7w

N g

S

.
b

e

1

Tﬁ ‘r.A o »w

i e il

e

Iy ¥ H »

Tt w w_* .,

T ¢ L :

3 ! I ;

7 i !
Lo o



e

Ce g

SR S

R ST

235/
R |

e
| :

[ A P S
P e SO N e e
O S TR, [ ossSsSna Sy
FDEU IR ST SN A
.
b bl -
e
b e . obd 4 R S T SO

H
:
T
f
i

T
:’j J "."4'7 ;

i
!
:
H
4
t
4+
i
e
+
-
|
—
i

;

F

‘
—
+

RS

LR

;

i
T
i SR

B

|

!
L
:
,
i
.
,
;

SR
i

°
1

E; kd B

oot
.

e

+
BRI N

14
+
A
t
ey

1 4 »
0 | i 1L
+ t -t - }
- ,, 1
LR 4 ™ ™ T
N It i S i
L i '
- ; e g
ANt Sl snee Shras St St S +
. ek |
H -t +

[ B o

|

t
i
A_4',,

nfed

T

t
<+ *”’“T'_‘""T

td] !
e f

4

i
i
+-
1

+ -+

L
v

-t
. »._4,-—{‘»»— e
+

4

i
T

t
i
’L, -

[

Gk
S

PR

o
;
a

debet

+




g

TR S S S

+

.

+

S

‘&

S

ot -

H
i

i

+

1T

+
Ly
T

T

Aot 4

. .‘r_‘,,_. N

iR
; Q
: { n
+ =t
o = = ot B W Hm -
i m i \7‘ -
L L g
4 et "
e - —t Ar L :WI .,m».x -+
. 1 ] = ! i e L
e e A e 4t i 0
$ e | ]
4
! _ « T ]
] ! ! ! n
T H
SEEn . ]
: i e
M i LT N
; . Lot
T T ~H
+ AR + + + i
. | i ;
T
e +
4t .- !
- i |
+ T
- + +
+ -t
} H
- +
t
A
+

i
o

e

s

s




B

: 1 el
! 1 b
i o
T
m aNNe BESNBEERS I I 14
oy bbb i gy P4 el . R N < =
- - n
i ; t * (o]
- @ L | -+ ST by LﬁLl- 4+
4 ~+ |-
! i t i e ] o
. BERTR I I HEN NN IREEEE
L T . , SREENSEESREENNS
N N.TMVIT -4 1N U T SOS UR TOU0 WO T ' S S U Y GUNN G T SOUS VRN RSN IO S AR S S S 55 S5 S 1S58 S5 S8 413 + -4 ;:) - Lot
- | G .- RENY- (0NN .. L1l - .
— 1 L + At —+ -
&.uw.l 4= 4 4 J - 11 - B e e R T o S SUS SRS TR B S -t
i I “ ¥ T i IR
| ot B LI HNENNNN
e +4 -
- -+ X U S S O
—— 1XT -4
+ ‘[?m b 4 o
+ L“ __r RS SUR U S S O 1 | d g
. < "
! P b X bl 4 A4 Il
! dob LIS 196 L i
i i , 38

a.
a
o
i
£
9

T e o +

B VR SO WU SO S B S S ,T.ﬁ e 4 B T T -

h U
A\
Fo

!
e S - T T 1 -t T ] T
i } T
. [ i
t i t
t , b
; 1
' T
T 4 “
! !
- » : -
- i i R X
; € i i
T T + +
it g ]
i »
et t + Y] + -t
f : L
H ; . P
i R i 0T
T+ + 1 B Sl e S D St S St S SR S 3 -4
4
i 4 {

4

(AT (4]

T

4L

e

St i—wﬁ
o
¥,
+
L
“r‘.:PﬁL

At

juns
L
EENEEN S

4]




69, -

. : "
for the 1" gap were nearly the same as those for $hat=of thg%one.

Results of the first are shown in Fig.36 so as to be compared
with those of the latter. All the results for all the gaps werc
replotted in Figs.37 to 44, in the form of Nu as a function of
Re’ both as defined in Chapter VI.

There was no definite indication for any change in the 1oca1?
temperabure of the heating‘surface at different rddii.‘ The |
readings of the nine thermocouples were very close to each other,}
-and the averages were taken.

Table (VII-2) shows some other data from the observations
and results, (Meanings of tﬁe different lines of the table are

shown below).

Teble (VII-2)
3/16

o}
B
i1l
i
Hlos
=

Gap |1/16

Line 1 14 20 15 24 15 14 14 10
2 9 4.5 4 2
3 56 28 16 8l
4 2500| 2500 3500| 2500
5 | 18000 | 15800 13000{ 8000
6 ' _ 49 22 13 7 2.5 2 2
7 100 76 68 48 36 24 18
8 28200{19000114000110300} 5500} 5000
9 1 55000{ 6200076000 {80000 {80000 {80000 {80000
10 1161.41155.,21162.5(163.,5(169,8{167.,6{170.1{171.4
11 1183.5{177.11183,51185,1{181,9{176,6 {175,11178,0

The different lines are as follows ¢

1., Number of experiments
2. Minimum value of U_ for laminar flow, ft/sec.

=

3, Maximum value of U_ for lmminar flow, f£t/sec.

2

4, Minimum value of R_ for laminar flow.

O]

5. Maximum value of R for laminar flow. ,
6. Minimum value of U for’turbulent flow, ft/sec.
7. Maximum value of U_ for turbulent flow, ft/sec.

B B o
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70,

8, Minimum value of Re for turbulent flow.
9, Maximum value of Re for turbulent flow,.

10. Minimum avergge value of tw, OF.
11 Maximum average value of tw’ °p,

The differahce between the temperature of the heating
surface and the room temperature ranged between 94 and 124°F.
For large air discharges the heat lost by radiation from the
heating surface was sbout 4.4 percent of the total heat given

to the main heater, while for the smallest discharges this ratio

reached sbout 34 percent., iThe heat lost by conduction was only
betweén 0,35 and 2.5 percent. The electrical input to the guard |
heater was generally betﬁeen 20 and 45 percent of that given to

thé main heater;

Biu VELOCITY DISTRIBUTION BETWEEN THE PLATES.

Fourteen pairs of veloclty distribution traverses were j

carried out on six different gaps, namely, %, 3/16, %, 3, = and

2 inches, The observations and results are shown in tables 22 |

to 28 and figures 45 to 50.

Average velocities at radii 43" and 73" were calculated from |

the velooity'distribution curves (dashed lines in Figs.45 to 50) |
o ' ‘ !
and from the quantity of air discharge as given by the calibration |

curve‘of the flow nozzle. Agréement was found within ¥ 3%,
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C - ANALYSIS OF HEAT TRANSFER RESULTS.

I =~ Laminar Flow,

‘The value of the constant (n) of the general equations
(VII-1) and (VII-2) was thesame for all the gaps in the laminar
flow range. As the gap increased the constant K (in equation

VII-1) decreased according to the equation

K = 1,285 (—=)"0"% VII-3
where b = gap between the plates
‘Lz I‘z—l‘l
ry & ry= radii of the heating surface.

On thé other hand, the variation of the constant A (in equation

VII-2) with the gap followed the law
A = 0,55 (—-)0 ae \ VII-4

The values of K and A were plotted against b in Fig.Bl. The
solid;lines represent equations (VII-3) and (VII-4)

After equations (VII-3) and (VII-4) the general equations
(VIT~1) and (VII-2) for laminér flow become |

h = 1,233 (—%70’0‘2. g 0436 VII-5
m
and  Nu = 0.755 (49+°‘44. 360556 VII-6

The values of Z“%ES5_ZZ} were calculated from equation
(VII~6) 2nd plotted versus R in Fig.52., The experimental values
of Nv. fou. different gaps Were divided by ( b )0'44 and the results
_‘shown on the same graph.

It is noticed that the critical Reynolds number at which the
laminar flow ceases to continue is not constant for all the gaps. !
It generally decreases as the gap increases, This will be dis- |
cussed later, but the relation between that critical (Re) and
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the gap is shown by the solid line in Fig.53.

I - Turbulent Flow.

The value of the Reynolds number at which turbulence styrts

changes from one gap to another, In the range of experiments

for the 1/16" gap no clear turbulence started., At 3" gap turbu~
lence started at R, about 28,000. This critical value decreased ?
as the gapincreased, until it reached the value of about 6,000 |
for the 3" gap. For wider gaps no definite value of critical
Rejnolds number could be found.

Different values of critical (Re) required to start turbu-
lence versus the gap (b) are shown in Fig.53, by the dashed line?
This variationcf‘fhe critical value will be discussed later,

Anoﬁher feature in the turbulent range is the\variation of

the value of the exponent (n) in equations (VII-1) and (VII~2)
with the gap. In the §" gap the value of n was 0,977, It then

decreased as the gap increased until the vaelue 0.611 was reaciied
when the gap was 2. Further increase in the gap did not change
the value of n. In Fig.,54 the variation of (n) with (b) is shown.
This curve will be discussed later.

According to the variation of the exponent of the Nu—Re
curves no simple equation like (VII-8) was found for turbulent
flow. £4n equation of the fo?m |

Mo = A, RMxf | | VII-7

(where f is a function of ¥%~ and Re)

might be the simplest possible to collect all the data of all thei

gaps together.‘ The exponent 0,611 was chosen as it is the permw

S
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anent value of (n) reached for the wide gaps. The best value of

(A) was found to be0.075, and (f) given by the equation

= Ooa - .
£ = 1 - 1.516 {_1 - 4,67 -%-‘( . R, 0.06 VII-8
Thus, equation (VII-7) becomes
0i611, 0.8 -oos, '
Nu = 0,075 R Ll 1516(1—467-—-—) Jvng

The writer suggests this experlmental equation for turbu-
lent flow up to R, = 80,000 and for gaps betwéen 2" and ", or
for values of-€%~ = 4,67 to 238. |

Fig.55 shows values of ( I —) plotted against (Re) accor=
ding to eguations (VII-8) and (VII~9). The results of the
experiments on the six gaps (3" to 2") were corrected by dividing
7 (Nu) by the value of (f) for different gaps and Reynolds numbers,
Those corrected values are éhown in Flg.5% so as to be compared

with equation VII-9, -
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CHAPTER VITIT,

DISCUSSION OF RESULTS.

A - CRITICAL REYNOLDS NUMBER.

The change of the critical Reynolds number in the presept
work has been shown in Figs53 against the gap (b). For the
commencement of transition from laminar to turbulent flow the
critical value is nearly constant (= 16,000) when the gap is very
small. * Later, after a gap of about 0.,15" is reached, that crit- |
ical value begins to decrease as the gap increasss. After a
certain region of transition turbulence starts. The Reynolds
number necessary to start turbulence is greater for small gaps.
4As the gap increases the value of (Re) decreases till, at last,
the flow is completely turbulent for the widest gaps.

Similar results were obtained by Davies and_White(g) who |
measured the friction when water was passed in very flat ducts.
They found, in seven out of ten different gaps, that the deviatiqn;
from the viécous‘flow line generally occurs earlier when the gap
isvincreased if all cther conditlons remain the same. The critical

value was constant for the smallest three gaps. For a different

reason they represented their results in a way different from
that of Fig.b3, but the shape of their results agrees completely
- with the solid line in Fig.53,

~Davies and White explained this result by introducing what

they called the "entrant length" (1). This entrant length was |
constant in all the tests, and the ratio —%~ (where b is the depthi

i

|

of duct)varied with each change of depth, and therefore true



75¢

geometrical similarity was not secured. After a certain value
of ~%— is reached this factor ceases to have any effect on the
position of the first .deviation from true viscous flow,

"It has been shown by Goldstein(lg) that the value of (Re)
at the commencement of the transition Begion depends, to a large
extent, on the inlet conditions and on the turbulence producing
mechanisms It can be expected that the critical Reynolds number
at a certain'cross-section depends on the type of entrance and
on the distance of the cross~-section considered from the entrancei

?t may be stated therefore, that the early trénsition with 3
wider gaps is due to the fact that the parabolic flow is not
established yet. As the gap increases more eddying is likely to

oceur., The conditions approach those of flow past flat plates,

When the gap decreases, however, the parabolic flow has more chance
|

to form. Turbulence is being sémewhat suppressed and the critimﬂﬂ

value therefore increases,

B~ DISCUSSION OF TAMINAR FLOW RESULTS,

In laminar flow of fluids heat is transferred mainly by
conduction, According toythe equation of heat conduction the rate%
of heat transfer increases with the thermal conductivity and de- é
creases with the increase of the distance travelled., From this |
it cea be assumed that the surface conductance (h) decreases as
the gapl(b) increases. This was verified experimentally as
“equation (VII-5) shows.

(36)

Theory suggests that, for laminar flow in
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flat ducts £ the coefficient of heat transfer (h) increases
propOTulonal to a one—thlrd power of the ve1001ty untll, at ’
sufficiently long distance downstream, the local coefficient
approgches a limifing value independent of the velocity. At
that 11m1t the heat transfer can be represented by dakob's
equatlons (1—29) and (I-52) |

The exponent in the prosent work was found to be 0,36 1nstead.
of %, Probably this is becquse the veloc1ty dlstrlbutlon at the I
1nlec was not completely parabollc. In such cases Norris and

(36)

Streid suggest that Pohlhausen s equatlon (I~ 15) for lamlnar

flow parailel to a flat plqte can be used for the transition
1ength until tho flow becomes parabollc. If thls is accepted {
then the (average) exponent (n in equatlon VII-l) Wlll be some- |
here between % and a. ‘The value 0.3%6 looks to be reasonable. |

that | hoC b~ 2% J if the length (L) of the duct remains the same

B sus vad L AULHUY Vs UL SO \D/ UL LD G D LS au ousgest

that [hoﬁl b"%} if the 1ength (L) of the duct remains the same. o
In the present work the value (=0.2) was found instead of (=%).
This may have been caﬁsed by»natural convection currents, Wiﬁh
Wider.geps there is more Chence for these currents to fobm, thus
coﬁnteractlng, to an extent, the effect of the gap on heat tnﬂuﬁhrp
Although exact compquson cannot be made because of the |
diffewence in the flow conditions, the present experlmental

valtcs obtained for laminar flow for different gaps were

¥ The words "plat duct" were used in the paper of Norris & 3
Streid to denote the case of flow oetween flat parallel plat%
of 1nf1n1te extent perpend1cu1wr to the flow direction.
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recalculated on the basis of Nut - @ of the paper of Norris &
Streid and shown in Fig.56, compared with the theoretical val-
ues for flat ducts (h based on the arithmetic mean temperature
difference). The method of recalculation is shown in Appendix I.
The present resultsare about 20% higher than the theoretical |
ones, This is believéd to be, partly, due to free convection
currents. The authors themselves predicted that experimental
fesults would be higher for that reason, and they suggested that
the correction factor by'which‘the theoretical results are to be
. . . : /f)l«m 0.14 . . o
multiplied is 1.15(~—=) , where At = viscosity of the fluid |
| ; M n |
at its bulk temperature, and,ﬁtf = viscosity at the film temper—

~ature., This factor makes the theorétical results higher by

ahout 14 percent.-

C - DISCUSSION OF TURBULENT FLOW RESULTS.

1, Variation of heat transfer with the gap :

The présent results in the turbulent range show, generaily,
an increase in the heat transfer as the gap (b) increases, This
can be explained as follows: -

In the case of turbulent flow the greater pért of heat tran—
sfu. takes place by‘means of qonvecfion currents towards and away
fror the heating wall;‘ The rate of heat transfer by such ourrentsé
is obviously proportional to the component of velocity normal td
the Wall.r This component of veloclty will be increased by the
eddies resulting from the disturbance of the fluid flow, and the

heat transfer will therefore‘increase as a result of this'acfion.
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Where a fluld enters a duct under certain conditions, eddies

are set up. As the fluid proceeds along the duct, these eddies
subside and the stream assumes undisturbed turbulent flow with
uniform heat transfer coefficient. Schack'*) nas shown that
these inlet eddies persist for longer distances in large ducts
then in small ones, S0 that for ductSof equal length (as in the
present case) the mean ”surfﬂce conductqnce" Would tend to be
higher'for lﬁrgef geps. ThlS effect would tend to couterqct the
effect of the gap alone, Whlch is to reduce the heat transfer
with 1ncreuse in the gap. ' | )

| In very narrow ducts the prox1m1ty of the quls tends to
mlnlmlze the ve1001tJ components normal to the walls. In other
Words the dlerrent partloles of the fluld have, for WldeP gaps,
more freedom to move here and there as they have.a wider patha
When the gap is small however'9 the freedom of the partlcles to
move w1ll be restrlcted, and turbulence suffers some kind of
suppress;on, It will be‘expected, therefore, that wider gaps
give;higher_ﬁeat transfer coefficients than narrow ones.

Yet, this factor of more freedom is not unlimited. There

may be a certain gap at which the effect of the depth of the air

stream vanishes completely{ As found in the present work this
crisical gap w3s3". This corresponds to an@(n%*) ratio of 4,67,
The values of the heat transfer coefficient for different air
speceds were nearly the:seme when the gap was increased from %"”h)fé
Probably if the gap is further increased, the values of the
heat transfer coefficient might be the same, or even less than »

those of the 2" and 1" gaps; This may result from the expected
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~reduction in the velocity component touching the heating sur=-
face hormally. No trial was madevwith gaps larger than one inch |
as ﬁhis Wouid render the’maximum airstream velocity comparatively

very small.v

2.'_:ComﬁariSOn'of the results with theory.

Like thercommcn findings in the comparison cf theoretical
and experimentallheaﬁ transfer results in turbulent flow, the
present éxperimental results are higher than thcse.given by’the
theoretical‘expreseion'(III—15).' This was expected because in
the mathematical soluticn, for the sake of simplificationg the
flow is assumed two—dimensional. Actually, only the mean flow
may be two—dlmen81ona1 but there are fluctuatlﬂg values of

the

veloclity 1n}thﬂee perpeﬁdlcular dlrectlons Thls will cause an

1ncrease in the heat transfer.

To ﬁccount for the high experlmenuﬁl velues three chtors'
may bc con31dered : |

1., thurﬂl convect1on currents. ,
2¢  The presence of an unheated startlng 1ength
B Turbulence. ‘

"The effect'of the natural convection currents may be dppre-

ciable ohly when‘the air speeds are s@a@l But as the air velocity

increases this effect becomes less and less important. ‘

The unheated stqrtlng 1ength may be COHSld red‘apprcgimatelyd
as the difference between the main pipe radius and the iﬁﬁer | h
radius of the heating surface, This distance is 1.,5". If the

(26),

expression (II-lO) given by Jekob and Dow is accepted then

the unheated startlng length would be respon31ble for only
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sboutl.5% of the amount of heat transferred, had the unheated

length been absent.

The writer believesthat the high coefficients of heat tran-

sfer found in the present work are mainly due to turbulence.
The 90° defiection of the air passége'at a shor£ distance before
thé ﬁorking segtion is 1ike1y to7cause a flow fluetuation normal
tb the heating'Surfaée. Such fluctuatidns, dbviously, increase
‘the’heat transfer. They may be damped, however, on thelr way
downstrean aéfosa‘ﬁhé working section., o e

The prdbiem of "éuper—tﬁfbulence" has been studiéd by’Arabi
(2). He worked on heat transfer to water floWing in tubes and
'investigatédvthé‘efféét’bf différﬁht inlet conditiohs on heat
tranéfer.' He differentiéted befween’normal ﬁurpulénce and super ;
"tufbulenée, and/stated that if any turbulence promoter such as
bends eiisted béforé the heat transfer section the results would i

bey, no doubt, higher than those for mormal turbulencey

Arabi found that the local heat transfer inoreased‘With
super-turbulencé,'and the excess over normal turbulence décreasedg
.as the former gradually dissipated. There was a critical value |
of —%— (where 1 = length of the working section, d = diameter of'é
tube) below which the effect of super-turbulence was obvious. |
Arabi found that what he called?thscoefficient of increase of
‘heat transfer due to super-turbulence' was a function of ReynoldSi
number. |

' In spite of the differmnce in the nature of Arabi's work and%

the present one, Arabi's results may be useful here, In the
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present work the 90° change in the direction of the air stream
might have been a turbﬁleﬁce'promoter;f The unsymmetry‘notioed‘
in the curves of the ve1001ty dlstrlbutlon between the plates
supports thls idea, If this is the case then thére will be a
‘critical value of ﬂ%— after which the effect of super-turbulence
will vqnish Becausc of the small 1ength (L) of the heatlng
surface in thc present work the effect of Suner—turbulcnce is
greats | o

Yef; it is nofidéd that the values given by equation (III-15)
Lie below fhe‘expéfiﬁeﬁtal‘values‘of all the gaps, With narrow
gaps, as the flow becomes more and more two-dimensional in char—
actur, the experlmental values Qpproaoh the theoretlcal ones.

The theoretlcql expression (III-15) was derlved for the
casé of radial flow parallel to a flat surface, This case‘corr—
esponds to the 3" and 1" gqps as the maximm heat trqnsfer coeff-
101ents were obtalned and no effect of the gap was present;

quatlon (III—16) is
5

' T + T o
-%L-—- = 0,0356 (/’ m ) ( ‘l’c/"‘).( g - 1y vrTr-1

As shown in Chapter II, an empirical correction may be necessary

for theoretical expressions to be successful, This correction

factor is naturally a function of Reynolds number, If we assume

that the tufbulent~boundary layer is formed right from the lead-
3

ing edge then the results of the 3" and 1" gaps suggest that the

values given by equation (VIII-1) be multiplied by (F), where

CF = 1 +42,35 870 , VIII-2
where R = LB o . VIII-3

M
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‘Thus equation (VIII-1) becomes

. U T, ~0,267
hL = .. P Unloe8, ey, T2 o+ T A m
= 20,0856 (—=)YS( ¢ LY 11 +42,55 (=2%-)
K M K Ty A yI1ISA
: ~0.9G, 0o +I
or N =0,0356 RO*® P_(1+42.85 R™O-20)(E—1 = 1y VITI-5
where N = -2 VIII=6

Equation (VIII-5) is represented by the solid line in Fig:570’
The results of the 2" and 1" gaps were recalculated to give (N)

and (R), and are shown in Fig.57,

3,  Comparison with the results of other workecrs. |

This comparison is based on two points ¢

1. The present Work isconsidered as heat transfer from a flat
plate to an airstream. The mean stream velocity is taken
as defined in equation (III-5).

e The results of other workers were corrected to a plate
length 3.5 inches according to Haucke’s equation (11-8),

The comparison 1s shown in Fig,58. TFor the middle valueiwwj
of gap the agreement is satisfactory. For large gaps the preseny)
are somewhat higher, while for small gaps they are 1oﬁer. Itl.
mey be added that in the work of every investigator, generally,
one set of moderate flow conditions was taken. Probably a change
in such conditions might result in either higher or lower heat
transfer values, reaching the present extreme%.

(45) was carried out on a

The work of Sams and Weiland
similar plate length (= 3.5 inches). The gap between their
plates was %", Their results are not shown in Fig.,68, but the
present results on the 3" gap fall about 8% lower than the values

of Sams and Weiland, though there is more chance for turbulence
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in the present work, This, again, gives support to the theore—
tical result reached in Chapter III, which shows that the héat
transfer in‘radial outward flow is lower than that in uniform

parallel flow, other conditions being the same.

4,  Steepness of the curves.

It is well noticed in the present results that the exponent
of the (Mu —-Re) curvés varies from one gap to ancther, being
greater as the gap decreases. This variation is in agreement .

(31)

with the éonclusionsdraWn by Leveque and expiained in

Chapter I.

- In his search for similar cases the writer found similar
résults in ths work of some other investigaﬁors. Ser (see
Leveque(51), page 208) studied heat convectionito air»at the
inside ofciﬁcular tubes of small diameters, He reached the -
general equation (hOC U ), The value of (n)‘ranged between 0I5
and 1, being smaller for larger dlameters.

(51)

- Also, Wﬁshlngton and Marks noticed an 1ncreqs1ng sﬁeep—

ness of their results with the decrcase of the gap. They stateia

that the variation was only below %%%2~ = 13,000 (where D = equi=-

valent diameter of the‘duct) and it was believed to be due to a

dampening of»the“free convection currents as the wallsare brought

together, . They stated also that for (f;PD

) above that value the
turbulence was fully defeloped and all the results follow
equation (II-14) _

The results of Washington and Marks were shown in Figs. 5

and 6, It meems that their results after é%gg = 13,000 are not

.
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sufficient to show whether they follow the same equation or not

for the different ductdg.

In dealing with similar cases in pipes McAdams(gz)stated

) 3
that as(é;gg) increases beyond 2100, the curve must rise rapidly
in order to reach the line of the turbulent flows In this semi-

turbulent range the exponent n.(in h = K.U®) can exceed unity.

However, when (T;FD) becomes sufficiently large (about 10,000),
n becomes 0,8, | |

It is interesting to compare this with the resultsaof Green
and King(zo)who investigated the heat transfer iﬁ tubes of orig-

inally 0.23" inside diameter, which were flattened to about half

this size., The length of both circular and flattened tubes was

12 inches, Taking the eguivalent diameter'as fhe characteristic

length, they found that the transition region;for such tubes

 extended only from (4%92 ) = 2000 to 3500, whereas the upper

limit for cylindric tubes was sbout 8000.

It is also interesting to give here the results of El-Sayed
(15), who worked on flow in annuli. He went to a conclusion
that the effect of reducing the length in the direction of the
flow and the gap between solid parallel boundaries on the turbu-

lent velocity profiles, is to give the profiles transitional

shapes hetween the laminar and turbulent distributions,

In the present case, in some of the Nu-R, curves (shown in
Figs59 on logarithmic scale) there was a clear %ransition between
two clearly different behaviours. These two behaviours were con-

sidered laminar andwturbulent. The points in the considered
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turbulent range can better form straight lines than curves., The %

range of Re is long enough for a judgement ot be given. It is g

also notided that‘the résults, with ex¢eption of'théémallest two
gaps, arevrather consistent,

 As the length of the present heating surface (difference
between radii) is small the discussion given in Chapter III may
bewintroduced here. In the inlet length the boundary layer at
‘each‘wail is still growing and the central part is being accel-

(8)

erated, As showh by Deissler and confiprmed by the present

velocity distribution measuremenmts, the growth of the boundary

layer is slower for 1arger Reynolds numbers, This meansthat, for f

the same gap, the inlet length increases as Reynblds nurber | L
increases, 'When the gap between the platés is sufficiently large |
all the heating surface lies in the entrancc region. Thérefore, @

the ratio of inlet length to total length (= 1) will not be ﬂﬁec&ﬁ 

by the increase in Reynolds number., The increase in Nu with Re ﬁ
' I
fi

explains the constant exponent in the largest three gaps. However,'

i

will be slower than for the fully developed turbulent prart., This

when the gop decreases the ratio of inlet length to total length {

becomes smaller than one., This ratio increases as Reynolds number

i
l

increases, and éccordingly the increase in Nusselt number will be
faster than for large gaps. o - o o

To sum up two results are p01nted out :

1. When the gap 1is large the increase in heat transfer with ;
Reynolds nunber is slower than the increase in the fully dev—
eloped ecase as there is no increase in the inlet length. |

2. When the gap is small an increase in Reynolds number causes

| an}incréase inthe inletlength thus giving rise to heat tran-

sfer at a higher rate than with large gapse. .
, . i
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CHAPTER TIX.

'FLOW AND HEAT TRANSFER DUE TO ROTATING DISCS.

Since the heat transfer is much related to the flow o

conditions of the fluid near the disc, previous investigations

dealing with this part of the problem will be first summarized.
These will be followed by a short account of work® dealing with

the actual heat transfer,

A - THE FLOW DUE TO ROTATING DISCS.

_ Th@ s teady motion of an 1ncompr6381ble viseous fluld, due

to an 1nf1n1te rotﬂtlng plane 1qm1na, was first con81dered by

(28) If r, 9, 2z are cylindrical polar coordlnates,

von Karman
the plane lemina is toaken to be (z = 0); and it is rotating with

constant angul T veloc1ty (w) about the axis (r = 0). The motion
of the fluid is con31dered on the &ide of the plane for which (z)
is positive; the fluid 1s 1nf1n1te in extent. If U, V, W are

the components,of hhe<velocity ef the fluid in the directions

of ry, 6, 2z increasing respectively, and P is the pressure then

the equation of motion is

LU, ,du o _v.;L__"E.__wrli. +2 (&) +ﬁ'

s '3z T P 9r Nope §r P ze |}

o SV _ 4V S Tézv 3 v 32'\7 3 \k
u 51‘; +W3’Z _“—‘I‘ = - Jﬁierz + EE- (-;—) + 3 22} % IX-1
0 2w dw = ~L12P ., 62WA 1 2w 2%
S or 3% ~ 3z EPQ T AT T Jge ¢

(f’and)) have the usual meﬂnlngs)
The cquwtlon of eontlnulty is
oy L L, Dw =  0 IX-2

or R & 37
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To satisfy these equations von Karman takes
u=r. 2lz) , v _vr g(z) , = h(z) , P = P(z) IX~-3
thus yilelding for the three funotions £, g and h the differential
equations : ' - /
. 2 af , ~y _a’f Y
£ - g7 + h - = 3
B dz d22 /
- ' : ' 2 ;. |
, T dz : » a 2 ,f
. ; Z o Y
_dh_ 1 _dp a“n_ ! |
Taz Fodz az® !
' |
dh ' ' :
Sz T 2:f . = 0 y | l
and the boundary conditions are o i
£(o) = 0 ,  £(®) = 0
g(o) = W s g(d)) = 0 ; IX-5 ,
h(O) = 0 ‘ ,’:‘i
For non-dlmen81onsa1 PGPPGSbntﬂtlon, von Karman puts ' :
& = oz (-—-——)2 o | o - IX-6 i
 and the new'functlons ‘ | - " | ' H
) ~"‘ £ '— . . 1 0.5 -‘
F = w G = ~§— R H = h(;;a— IX=7
Then equations (IX~4) become
2 2 Lt Con
P o= G + HE = F ‘ ;
2FG + HG! = G" | | ; I1X-8
oF + H' = .0 ‘ !

(Where the primes denote dlfferentlatlon with respect to ¢ )
and the boundary conditions become i
™M0) = o0 , F=) = 0 3 L | , i
a(0) = 1 , G(»0) o . o 1X-9 |
H(O) = 0 ! ]

H(>0 ) must tend to a flnlte nega tlve limit, say (-K), as () tends i

to infinity. Next to the wall the fluid is continuously carried |

to the outside, to be replaced by axial flow,
The integration of equations (IX-~8), with F'(0 ) = G'(se') =0

e
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leads to " '
-F(0) = J, (3 F° - G°) a¢ |
<o o IX-10
-a'(0) = 4 f FG df j :

o .
Von Kerman now assumes that F and G f2l1l off sufficiently

rapidly so that a good approximation can be found by replacing the |

upper limit in the integrals by some finite value (fo) of (g), or
ather by supp051ng (F) ana (G) zero for values of (f) greater

than (?o) We must then have
F(f,) = 0o , FYf) = o IX-11
.G (c o) = ‘o,’ | G'(?o) = 0
By puttlng 7 =0in equation (IX=8) we obtain the conditions
m(0) = <1 and G"0) = O | IX-12
Further boundary conditions, obtained by differéntiating
equations (IX-8) before puttingj'= 0 are ignéred, and s0 are the

conditions that theéecond and higher derivatives ofv(F) and (G)

must vanish at.? ¥:T0“~ Then if F'(0) = a ’ eXpressions satisfying |

(Ix-9), (IX-11) and (IX-12) are

Po= (1 - R e fB L pe?) |
| ° 2 : o ] { 1X-18
¢ = (1-=22RL 4 g |

1o {o
These expressions are then substituted in squation (IX-10)
with the upper limits in the integralé replaced by fo. Thus we
get a pair of simultaneous equations for (a) and (fo),‘which are

solved to give the approximate solution,

The values given by von Karman are ,
a = 0.4 and 70 = 2.58 IX=14

and theréfore the thickness of te 'bbundary layer is

§ = 2.58 ( 2o | IX=15
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Later, Cochran(6) considered the same problem and obtained

an exact solution. The boundary conditions he satisfied were

(o) = 0 , @&(0) = 212 , HO) = 0 i
Flw)= 0 , Go)= 0 , H0)= -k IX-16
P! (o) = a , G'0)= D '

To satlsfy equations (IX—B) and the conditions at infinity
he put

A% ' 2 8 2 )
e e_c? -2c7 A(A +B 2 Lé;iggl(17A +82)e™ 4cf,
4 144 . ;
2 2 % 2 |
~ct B(A®+B ~3C AB(A®4BY) o—4ct ) [ _
G‘—-B ":%_'é"c?"—)' ?"" 18 6 e +eose . . ' IX 17 |
. - 2 2 . » :1“
L BA - _~cf fA +B ) -20? A(A®4+B") -Bcf , |
Hezme +7= © - e + S} Tl em I
° e 2 ¢ 6 c |
2..2 2 .2 :
SATBT) (AT  mtof

288 ¢

To satlsfy equatlons (IX-B) and the conditions at the origin |
we have

, 5 1 b e 6
F = af ~f"-40f °- 'b? 5 50 JF T Heeee
. |
G =1 +Dbf +iafos —-(ab-i)?4- Lpcb- (%5-+ 2-)F % 4iiih 1X-18
(2 1 25 1 _.6 .
H = "]:a.? ? - —b? .bf -1—8_0'36 ‘ toees

‘Whefe A,‘B,‘a, b and ¢ are constants to be determined;

These constants have to be chosen so that F, G, H, F' and G' are
continuous; and it will follow from the differmntial equations
that all other derivaﬁives are continuous. Cochran calculated
the values of the constants, and his graphs for F, G and H are i
shown in Fig.60. | |

In 1951, Batchelor(é) generalized von Karman's solutions and

obtained differential equations which may be used to determine the‘i

flow hear a rotating disc when the fluid at infinity is rotating

1
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about the same axis. He consideréd also the flow between two

coaxial rotating discs. He does not obtainany explicit solutions |

but, using physical arguments and general properties of the

brdinéry différential équ@tions; he predicts the general nature
of the flow. The chief chéradtefisticlof the predicted flow is
thaﬁwin élﬁostallvcéséé fhe main body’ofbthe fluid is also
rotéﬁing,,and transition from one rate of rotation to another
takes place in a narrow layer.,

In‘theltwd—parameter‘family Batchélor predicts that when one

of the discs is stationary there will be & radial inward velocity

near that disc, and outwards near the rotating me,which acts in
thls case as a centrifugal fan.

Stewartson(49)

studied the~steady motion of g viscous’fluid
confined between two coaxial discs. His apparatus consistéd of
two Smdoth éﬁrdboard discs; eaéh of diaﬁetef 6 inches, mounted on
lgthe chucks. One of the discs was attached to the motor of the
lathe, and'the other tg‘fhevcarriageﬂon which was fixed a small
electric motor.  Angular velocities given to each disc in either

sense were up to about 250 radians per second, and the distance

between the discs varied from zero up to about 5 inches, A light
smooth propeller and a plece of cotton-wool gttached to a thread

were used to examine the motion of the fluid between the discs.
The apparétus was designed to give only qualitative information.
Stewartson found that when one disc wgs at rest the main body

of'the fluid had no angular velocity, with the exception of a thin

- layer near the rotating disc. Yet he stated that it had been

noticed that, while no force was exerted on the disc at rest, as

il
[
|
t

B
t



‘when

ol.
soon as it was given a slight angular veiocity~in the same sense
as the rotating disc, it and the main bady of the fluid rapldly

took up a con31derable angular ve1001ty.

In the theoretical dlscuSS10n, Stewartson condidered 3 cases |

1. The two discs rot%te in thc same direction,
2, ~ The two discs rotate in opp051te directions,
B One of the discs is 'at rest,

For the third case the author sfated that the main body of the
fluid is also at rest. He did not prove this, but it was in |
agreemenﬁ with his experimentsj His eﬁact solution fbr the'@ase
When thértwo discs rbtate in the samé direcfion breaks down when
the leWérf disc stops. However,‘an approximate solution leads

to the formula

..).

—%— = O. 425 (-~—~) - , IX~19
Wy Wy
where W = angular velocity of the main fluid
Wy = angular velocity of the slower disc
Wy = angular velocity of the faster disc,
Wob

When wi=0 ‘and —S—— (where b = gap between the discs) is
very Small, Stewawtson givés another approximate expression for

the tangentlal ve1001ty of the fluld- that 18,

. W -
¢ = —-%——y— IX~20

Where y = distaﬁce from the stationary'disc.
When ~E€; increases the changes in the tangential velocity

tend'to‘océur near the rotating disc. This islmore appreciable
. .2 : - ‘ , :
CWe D

exceeds 10,
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B = HEAT TRANSFER FROM ROTATING DISCS.

As far as the knowledge of the writer 1is, thefe is neither
theoretical nor expefimental work in the case of heat transfer.
between a'stationary disc and a fluid posSesSing a'motion‘composai
of fadial‘andvtangential components, However,yvery 1little work
has been done'only recently for the case of heat transfer from
rotating discs to air, 'The'following is a summary of such work.

(5O)extended von Karman s approximate solution for th@

Wagner
laminar case ﬁo develop an expression for the surface coefficient
of heat transfer,by,convection from a heated rotating plate.

He first derivedran ~expression for the témperature distribution,
Then the average coefficient of heat transfer was obtained by

considering the heat jbalance

heat lost from the surface = heat carried away radially in the
: boundary layer._

HlS approx1mate express1on is

ho= 05551:( 0.5 IX-21

TheseWQ1ues hold true as long as the flow in the boundary layer
P

is lamlnar. Thls corfesponds to a vaue of ff up to 40,000

(where r ; radlus of disc, w = angular speed). The coefficient
of heat transfer is independent of the radius.

‘Anotherisolution for the laminar case has been published by

(55).‘ They used Cochran's results for the

Millsaps and Pohlhausen
Navierfstokes equations to solve the energy equation for viscous
flow by numericel integration. Their solution gives the coefficient

of heat transfer as a function of the radius, the distance from
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the disf and the Prandtl number. The variation with the radius

is very small,

(sv)used Cochran's values for the velocity profiles

Qudant
“and expressed‘the temperature distribution as the sum of two
polynomials. The radial variation for the temperature brofile
was very small and préctically uhimportant. His empression for

the'heat transfer coefficient reduces to

n o= 0.267 k(< )0+5 ‘jt§> Ix-22
~ ( for Pr = 0.733)
where,bb = vViscosity of the air at the surface temperqture
'AaD = viscosity at the ambient air temperature.

- Bome experimental work has been carried out by Young(52)

He used a polished aluminium dise 12" diameter and facing upwards

His experiments were made in conditions up to wyr of about

80,000 (Where r = radius of the dlsc) He observed that for
2

L 1ess than 40, OOO both natural convection aad forced convectum ;

Y 2

were of 1mportance, whlle at W)f

alene was of prime importance, In this part the data were

above 40, OOO fOPCud convectlon

represented by the equation N
B = 0.35 NO°58 Btu/ft%,ho,OF IX-25
where N = disc speed, Tr.p.m.

Another klnd of work has been carrled out by Aktlebolaget

‘Motala Verkst&d(54)

of Sweden. They worked on heat transfer to
and from gases,flowing between two parallel rotating discs. The
idea was to utilize the properties of the rgpidly rotating disc

to give a high coefficient of heat transfer due to the great

difference of speed between the disc and the gag and Lo achieve

MhM o
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o certain fan action. The discs had inner and outer padii
11.,94" and 35.83", The distance between the discs was 0,59",

The initial motion of the gas (at the inner radius) was in the

'radlal dlrectlon.

In Fig.61 the coefficient of heat trqnsfer was plotted

against the mean r adial component of the velocity of the air

flowing between the'discs when the speed of rotation was 480 r.p.m.

C = HEAT TRANSPER FROM A STATIONARY DISC TO A TLUID IN COMBINED
RADIAT, AND TANGENTIAL MOTIONS, :

This 1s the case when the fluid particles move in planes
parallel to the heating surface with the ve1001ty of each p&PthlC
composed to two components :

1. Radial component, cqused by fluid flow from the centre
~ outwards. ’
2. Tangential component, caused by an external stirring force.

| In the experimental work of this part the heating surface is

stationary. The radial flow of air will be maintained by discra@@
from tﬁe air-blower, The tangential component of the air velocits
is produced’by a rotating disc paraliel to the heating surface

and mounted on the same axis. The surface frictioh oﬁly would be

relied upon to give thé'tangential component, The radial compon-

~ent due to thé.rotation of the disc would be neglected. Thus the

average'fadial component at any point depends on

1. The amount of air discharged by the blower., -
2. The gap between the heating surface and the trotating - disc
s The radius at which the considered point lies.
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The t angential oomponent of velocity depends on
1. The speed of rotation of thevdisc.

. The distance away from the rotating disc.
3¢ The radius at which the considered point Lies.

The efféct of this motion on heat transfer comes from the
fact that the path of the air particles will be longer than the |
difference between the redii of the heating surface, This 10nger§

path, being covered in the same interval of time, means greater %
mean velocity and, consequently; higher coefficient of heat -
transier.

The following is the mqthemﬂtlcal derivation of the equationi
of the path of fluld partlcles. It is assumed that the motion
starts at radlus(r ) without tﬂngentlal component. If the co=-

ordinates at any point are r,o (Fig.o2) then the rqdlal component

of velocity at any radlus is glven by

a7 Tr |

where K = constant (=7U1r1) %
t = time :

~3E = oKt + K, f

2 - 7 I R : : r e :
Att:o » T =Ty '.'vKl = --%—- ,; . 7 l

. r2‘~= 2 Kt‘+’r12 " , | C IX-24 *

~ The tangential component (v) is given by
’ ds
@ = AT

Where A = constant, dependent upon the disc speed and
D - the distanceeway.fnmm the rotating disc.

.V = I

. Q@ = f\ t o+ K2‘ |
At t=0, 8. = 0, “ Ky = O
6 = M o - I%-25 |
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As shown before, the increase in the mean velocity is £oll~ |

owed by an increase in heat transfer given by the equation

n n
AL o (Bm ) = () TX~30
hO . Um ’1"2"’1‘1 . .
where h = coefficient of heat transfer when the disc 1is
e rotating with velocity N
hy = coefficient of heat transfer when N = O

The constant (n) in equation (IX~30) will Dbe determined

experimentally later.,
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CHAPTER X.
™ : ,
THE ROTATING DISC
A « CONSTRUCTION OF THE ROTATING ELEMENT;
N As shown in}Fig;64 the rbtating element consists of the

following main parts.

1. Rotating discs.

¢ Base.

3. Belt drlve.' ,

4, Slip-rings and brushes,

The base block on which the rotating element was carried

is a casting With two bearing supports five inches apart. " The
-casting was fixed rigidly with five boits'to two steel angles

T of length 9 inches and cross-section 6 x 6 x % inches, The

angles Were'fixed rigidlylbnto.the bench to prevent any movement %
T the base block. | | | : %

”he shaft was. é mild steel tube of 1ength 16 inches, and outsmk
&inside dlamomﬂslﬁ/ﬁa and 9/16 inch respectively., One end of |
the shaft was rigidly fixed into the flange and'the rotatlng discs

(Fig.65), whlle from the other end came the thermocouples

rotating air junctions as will be explained later, g

The shaft was fitted in the two bearing supports of the base 2
block, Emooth running was ensured by fitfing two phosphor bronze é
sleeves into the bearing supports., Holes and grooves for

lubrication were made in the base and sleeves, Axial movement

of the shaft relative to the baseblock was prevented by using

two steel rings at the two sides of one of the hearings,. The

rings were fixed on the shaft by: grub screws, e ——
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Fized on the shaft between the two bearings were the slip
rlhgs and . thelr 1nsulatlon° Six %” holee were drilledrln the
shaft and 1nsulatlon for the thermocouple wires, Details of
these w1ll.be glven later. |

Near the free end of the ehaft an 8” pulley was pleced.
The pulley could ‘be moved from one place to another along the
shaft; but 1t could be flxed at any requlred p081t10n by means
of a grub. SCPeWo | | |

A dlrect current motor was fixed on the floor below the
bench. A 5-1nch V;pulley wa.s placed on the shaft of the motor.
It could ‘be fixed at any requlred p031t10n alonc the shalt. VA
llnk brammer belt was used to transmlt the power from the motor
to the rotatlng element° A slot of 12 X 1 5 1nches was cut from
: the bench top to allow for the motlon of the belt

Rotatlng Dlscs.

o The brass dlSC (A) Was 184'1nches dlameter end L thlcknese°»
Aéﬁé formed one 51de of the Worklng sectlon. A hole ;5/35'1nches
was drllled at the centre. Three thermoeouples were fixed into

the brass dlSC (A) in the same way as those descrlbed,ln Chapter )
Iv, but thls tlme Wlth the grooves g01ng towards the eentre 1nsteg
of cowards the circumference. The thermocouples hot Junctlons'
were placed at rad11”4z, 6%, and 8% inches. The six wires were

gathered in one groove and then led to the inside of the shaft |
through a,sloﬁ at its end. | o

The brass disc (B) nad the same overall dimensions as (A).
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The asbestos dlso was 3" thick: The steel flange had 7 1nches
dlameter (in contact Wlth the brass disc B ), and 2 1nches

length (Iin contact with the shaft).

Six stiffeners were rlgldly fixed to the brass disc (B)

. x«% 1nch,

Each stlffener was aﬁteel angle of cross-sectlon 7 X

‘and 1ength 5-%&? 1nchas. They were placed radially at six equal
‘angles on the brﬂss disec (B) between radii 3% and 9'1%‘1;nches.
Each stlffener Was flxed to ‘the dlSC with three screws. :

' Nine holes of 0,185" diameter (2BA) were drilled in the
flange and asbestos and brass discs to allow for néne counter-
sohk screws and theif nuts‘to hold them together., Twelve holes
of 0. 142“ diameter (4BA) were drllled in the brass and asbestos
‘dlSCS to allow for twelve SCrews and nuts to fix them together.'
All the holes in the brass disc (B) were screwed, thus serv1ng
as lock nuts. |

| | Three equldlstqnt screwed holes of 0,142" dlameter (4BA)
were drllled 1n the brass ﬂnd dsbestos dlSCS at 15§~1nches dlam;
The screws Were used 1o adgust ‘the gap between the brass disc (A)
and the heatlng surface. |
| The inlet cone in the rotatlng emement was the same one usedi
‘Wlfh the statlonary unheated dise., It has been descrlbed 1n.Eig 11

| Afte“ the thermocouples had been flxed in p081t10n and the
brass and asbeetos dlscs, the flange and the inlet cone had been
assembleq together, all the assembly was carried on the lathe
tand the squace ofihe'brass dlSC (A) sklmmed, care being taken
_that the thermocouples heads were safe, Later, and before the

rotatlng element was placed over the bench, the skimmed surface
L
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was given @ matt black cover to assure black body absorption of
heat, o

This assembly and the shaft were fixed rigidly together by
means of two X" diam§ter grub screws which passed into the boss

6f the flange and the shaft, |
Fig.65 shows the fixed end ¢f the shaft and the relative |

positions of the flange, discs and inlet cone. Fig.66 shows the

" positions of theholes and grooves in the brass disc (A),

Slip rings and insulation.

Six brass rings were used; all hgd %" thickness and 1% inches

outer diameter. The inner diameters were 1,50, 1.51, 1.52, 1.53,

1.54 and 1.55 inches. | As shown in Fig.,67 a 0.,110% diameter‘

(6 BA) screwed hole was made in each ring., A layer of 0,004"

{
|

ring

silver plating was then given at the outer circumference of eacthg

The insulation sleeve between the rings and the shaft(F1g.67)
was made of tufnol. Itvvas fixed on the shaft by means of three
0.185"’(2 BA ) grub screws. The inner dianeter of the insulation
was the same as that of the shaft., The outer surface was formed
of six different diameters so.that the slip rings could be fixed
by press fitiing them ovér the sleeve, After the tufnol sleeve
Was_ﬁitﬁed in position on the shaft, six 3" diameter holes were
drilled in the sleevé and shaft. Then the éix slip rings were
forced in position. Six 0,110" (6BA) screws were placed inside
the holes in the 51ip rings, at the same angular position as the

holes in the shaft and insulation sleeve,
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DESCRIPTION

RADWS
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4,5,6,7
8, 9,00 ,1,12,13
M4,15,16 17,1813
20 ,2/(,22
23,2¢,25,262 7,&8,

o

HOLES  0-185 ¢
HOLES  0-185"°
HoLES  0.185”
HOLES o0.142° ,
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The thermocouples wires were driven into the shaft, the
constantqn‘wires to the end of the shaft, while the copper ones
came out through the first three holes in the shaft and insulatﬂx%%
Three other copper wires came from the free end of the shaft to
the other three holes of the shaft and insulation. Thenlall the

six copper ends were wound around the six screws and soldered

in position, | ‘
The three couples of constantan and copper wires at the free ;

i

end of the shaft formed the three rotating air junctions.

Brushes and brush holders:

- The Sliding contacts Wére compdsed of thé'slip rings and
six coppér—graphite'bruShes;'éach having dimensions 3 x 5/16 x "%
Bach brush holderbhad‘the Qverall dimensions.l‘%%?‘x + x 9/16 ", ’
The six brush holdérs were fixed togefher by'means of two %" rods
into a frame, Tufnél insulation in the form of six small sleeves i
and seven 3" platés was used to insulate the brush holders from
each other and from the rods and the frame,

The frame was then fixed into the base block by means of four§
%" screws. The position}of the brush helders relative to the base |

block is shown in Fig.68, which is 2 photograph of the assembly %

of the rotating elements

Thermocouple circuit:

The thermocouple circuit is shown in Fig.69: The copper end
of each couple was soldered indirectly to one of the slip rings,

while the constantan end passed through aplug at the end of the
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steel shaft and was welded to a copper lead making g rotating
air junction. The copper lead of the air Jjunction was then W
brought hack into the shaft and soldered indirectly to a slip

ring, From this slip ring =« coppef lead was run from the brush

to one point of the selector switch, while the common point of‘ﬂB?L
switch was connected to a stationary air junction fixed adjacent |
to the rotating"air junction, From the first slip ring ran a

copper_lead/to a selector switch whose common point was connected ﬁ
to the potentiometer., The second terminal of the potentiometer

was connected to a thermos ice junction, Between the stationary

air junction and the thermos ice junction ran 2 constantan lead.

Therefore, for the three rotatlng hot Junctlons there were
three rotqtlng air Junctlons, one statlonary common air Jjunction i

qnd one common 1oe Junctlon. The four air gunctlons were enclosed

together inside a shleld.

To check the circuit and the contacts some readings of the P

electromotive force were taken when no heat was given to the A
heaters, These readings were found te agree with the room temp-
erature which was measured by a thermometer. ﬂ

The,pressure on the brushes could be adjusted and it was fond
best to work with as light a pfeseure as possible to inhibit the

formation of a film on the slip ring surfaces. Also, the slip

rings were cleaned at the start of each test to ensure that noiﬁlmié
was built up by weaf of the brushes, |

. After the rotating element was fixed in position it was surr- ;
ounded by a guard for the sake of safety. The final set up is

shown in Fig.70. :




Fig

0

PHOTOGRAPH
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Adjustment of ﬁhe‘gapi

To fix the rotating elemeht in a position to give a certain

gap betwecen the heating surface and the rotating disc the

follow1ng steps Were taken9

1.

Qe

The brushes and the bolts f1X1ng the frame of‘he brush
holders to the base block were loosened. ,

The grub screws fixing the pulley and the rings on the
shaft were alsd loosened. B

The shaft, with the discs, was then moved to the required
position. | .

The pulley and the rings were again fmxed in the new rlght
position, N

The frame of the brush holders was moved to a suitable
positioh and then fixed. Light spring pressure was then
~exerted on the brushes.

Speed of rotationé

- Tensile tests on asbestos were carried out on a tensile test

machine, Four different specimens were cub in such a way that

the directionadf the fibres took different positions in the

different specimens., The tests were made on all specimens and it

was then decided that the qu1mum rotatlonal speed should be S

400 r,pom.'

1.

B ~ OBSERVATIONS,

Tn ecch experiment the following observations were takent
Pressure difference across the nozzle. This was read on
the inclined -tube. mﬁnometer. : v ; ”
Speed of rotation of the air blower. It served as a check
for the stability of running. |

Heat input to the main heater.

Heat input to the’guard heater,
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Room(temperature.? The thermometer was placed near the

intake of the air blower. , o ) ,
Speed of rotation of the rotating element. This was

calculated from the speed of the driving motor which was

measured by a tachometer, : o
Thermocouple readlngs. Twenty—two thermocouple readings
were taken. They are distributed as follows

. 6 thermocouples for the asbestos between the main and

guard heaters. S
thermocouples for the heating surfacec,
thermocouples for the outer asbestos ring.
thermocouples for the inmer asbestos ring.
thermocouples for the unheated rotating disc.

O - TEST PROCEDURE.

The follow1ng steps Were'tsken in every experlment.

Wlth the rotating element stationary the air blower was

driven to give the required amount of air flow,

Heat was then supplied to the main heater at the required
rate, ‘

Heat wgas supplled to the guard heater at the rate necessary

to stop any heat conduction across the asbestos between
the main and guard heaters,
The rates of air discharge and heat inputs were kept

constant, while the thermocouple readings Werenoﬁgedfevery

30 minutes,

After all the steady conditions have been established and
recorded, the rotating element was driven to the requiréd
speed, and the same readings were taken until the new
gteady conditions were established.

The readings were recorded and the speed of the Frotating
element was changed to another required speed.

The same procedure was repeated for disc speeds 100, 200,
300 and 400 r.pJm.
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In some experiments it was necessary to change the amount
of heat input to the main heater in order to keep the temperature
of the heaﬁing surface in the required ronge, ’On the’other hand,
it Wae’sometimes foﬁﬁd unnecessary fo apply fourvdiffereﬂt disc
sgeeds, and two Were con31dered sufflclent. |
The tlme requlred fdracomplete experlment of one air

dlscharge and four dlsc speeds va ried from eﬁyht to eleven hours.

D - METHOD OF GALCULALION

The method of cqlculﬂtlon applled here was generally the
same asdthat applied in the case of the Stationary unheated disc.
The only difference was that the air temperature was taken as

that of the room.
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CHAPTER XT.

HEAT TRANSFER RESULTS.

Experiments on four different gaps were carried out, Those

gaps were %, 3/16, & and 1/16 inches. With the exception of the ?

1/16 inch gap, when the smallest amount of alr discharge from ¥
the air blower was applied theré was no.effect for the.rotation
on heaf transfer from the heating surface. The temperature of
the unheated rotating disc changed with rotation, but the coeff-
icient of heat transfer from the Stationary heating surface was
practically cohstant° The observations and results are given in
Tables29 and 30 in Appendix II. : | o
Howevef, for the L/16 inch gap the coefficient of heat |

transfer was affected by the r%ﬁtion of the disc, BSeven experi-

ments Wére carried out, and the observations and results are shownf
in Tables 31 and 32, TFig.71 shows the increase in the heat |
transfer for different disc speeds versus‘the mean radial velocity
component,(Um). At values of (Um) above 40 ft/sec., the effect of
rotation is almost negligible for the highert speed of rotation

(400 ropim.).

Other experiments were carried out when there was no air

discharge from the blqwer; The dbservations and results of these

are siown in Tables 33 and 34, The average coefficient of heat

transfer was found to increase linearly with the disc speed

according to the equation

h = 1,20 (1 + al) Ftﬁ?}%,% | - X1

where N = disc speed, r.p.m.
a = constant, given by Table XI-1i,
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Table XI-1 {Vﬂlués of (a) in equation (XI-1) for different gaps.

! Gop (inches) |  1/16 | 1/8 | 3/16 1/4
e | 0.00375 | 0,00275|0.,00175 | 0,00087

The values of the coefficiént of heat transfer were plotted

in Figl?é agninst different disc speeds. They were plotted again|

i“
i

in Fig.,73 against the gap (b). -

~ After these results for the effect of the disc rotation on

heat transfer 1t was necessaryto moke some investigations on the |

|

flow conditions as affected‘byﬁthe rotation of the unheated disc.
This work will be described in the following chapter, Discussion
of the bresent heat traﬁsfer’results will be postponed until the

effect of the rotation on the flow conditions is explained,
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CHAPTER XII

MEASUREMENTS ON THE FLOW AS AFFECTED BY THE ROTATING DISC.

A ~ APPARATUS AND EXPERIMENTAI WORK.

General ideas

It was believed to be of some importance to measure the

velocity head of the air flowing near the rotating disc in

different poeitions. Such meaSurements can show how far the effeeq

of rotatlon is on the direction of the flowing air in dlfferent
planes parﬁllel to the disc. ThlS will, surely, help to under—
stﬁnd the effect of the rotatlon of the unheated disc on heat
tronsfor. : B

' The idea %bpiied here gives'qualitative‘and quantitative
results; The technique is not too accurate, but it glves a
fairly good ideq about the flow pattern,

The idea is that if a pitot tube is aligned with its axis
in the directionof an nirstreéam, with its inlet end facing the
stfeam; then the readingkof the kinetic pressure is an indication
of'the Veloeityﬁef the stream. If the axis of the'tube'is not |
in thevdirectiehof tﬁerxfeam’then the reading doesw not give
correctly the veloclty head.,

Now if the dlrectlon of the stream is not known and it is
required to find it, then the pltot tube can be rotated in diﬂferent
dlrectloneand different correspondlng readings are obtained.
Plottlng the pressure reqdlngs versus the angular pOSltlQn, we
dbtq1n a curve from whlch, u31ng the rule of symmetry, the dirextion

of the stream can be found.
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The curve shown in Fig.74 (see Goldstein(lg)) shows, for a
total head tube, the veriation in the kinetic pressure regding
with rotation about the axis of the stem.

enl

Construction of the small total head tube and micrometer arranﬁﬁm?

|

Like the small total head tube described in Chapter IV‘the ]

present one was made, There was only One'différence; the length

of the tube was 2", and a new 3" copper tube was used.

After some modification the micvometer described in Chapter

IV was also used here. This hodification allowed for an easy

rotational motion of the 3" tube inside the micrometer, thus
changing the angular position of the small tube felative to the
body of the micrometer,

As shown in Fig.75, the two rings (A) and (B) were placed
around the " tube at the ends of the micrdmeter spindle, They
were then soldered to the tﬁbe. A.pointef; which was a stiff steel
wire, was soldered to the ring (B) so that the pointer was J
directed towards the axis of the 3" tube. The ctircular scale (C)
was divided into 36 divisions, each division répresenting 10
degrees; and it was fixed positively to the spindle.

Now, the micrometer scale and the circular scale (C) form
one rigid body. Turhing the micrometer nut gives the axial move—
ment Angular movement can be obtalned by turning the 3" tube.
Then the steel wire, turnlng w1th the tUbe, indicates, on the
circular scale, the angular positionof the small tube.

The micrometer and the tube arrangement was carried onto a

stand which allowed for movement in all directionsi Fig. 76 shows
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ékphotograﬁh of the arrangﬂment in position.

Direction of experiments:

In the present work the Fitot tube was placed near the
rotating disc with its axis parallel to the plane of the disc.
- With the inlet end of the tube at the same position the direction‘
of the axis was changed, but 1t was still‘p@rallel‘to‘the plane
of the disc, Different total heads were taken for different
directions., The total angle moved ﬁy the axis of.the small tube
vwas 110 degrees. The resulté wére plotted and the direction of
the air at that particular point was determlned.'

For the same amount of air discharge this process was

repeated for different disc speeds, namely, 0,100, 200, SOO, and
400 r p,m. For every dlsch%rge and every disc speced the same
procedure was repeated for various dlstances betWﬂen the tube

axis and the planc of the disc. Five planes were chosen, their
distances from the disc being 0.025, 0,040, O, 065 O 100 and

0.150 inches.

Flve different er discharges Were applieds These were,
O, 196, 2 510 5 440 and 621 pounds per hour. The gap betWean
the dluc.and the heatlng surface was kept at %", All the readings
of the total heﬁd in the dlfferent planes were to he takcn with
the inlet end of the tube at the same distance from the axis of
the dlsc.~ That distance was 9 inches; that is the same as the
radius of the he ting unit. The static pressure at that position
was nequy atmoopherlc, and @@cordlngly the total head would be

nearly equal to thekveloc1ty head.
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Adjustment of the direction and position of the small tube.

A small mark (o) was made on a point on the surface of‘the
disc at a radius of 9 inches."Eéfore adjustmént of - the directionj
of thc émall tube the disc was kept stationary at a certain %
position, thus giving arcertain fixed position (in space) for :
the mark (o). The small tube was thenradjusted in the required 5
direction with its &nlet end on the point (o). Then the tube

Wés moved in a plane perpendidulaf to that of the disc until the

requlred dlstance qpart was reqched.
For any chunge of dlrectlon of thc small tube the same -
procedure wasqpplied so that the 1nlet end would always be in

the same place.

Test procedure:

In these measurements the following procedure was taken:

1. The air blower was driven to give the required air
discharge. |
2., The small tube was aligned in the required direction with
its axis at a distance from the disc = 0,025 imh, |
3. With the disc stationary the velocity head was taken.

4, " The disc was then rotated at 100 r.p.m; and the correspon=

ding kinetic pressure taken.
5. Step 4 was repeated with disc speeds 200, 300 and 400 r,p.mn
6. The small tube was then moved (by turning the nut of the
micrometer) to é'position such that the distance between
its axis and the disc = 0,040", Then steps 3, 4 and 5
were repeated. ‘
7. Btep 6 was repeated for distances between the disc and the
tube axis equal to 0.,065", 0,100" and 0,150", ,
8.  The direction of the small tube was then changed, and the

i
|
|

steps from 2 to 7 were repeated. ‘
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9., Step 8 was repeated for all the reguired angular positions
of the small tube. ' '

If the radial direction is denoted by OO, the range of the

angular positions of the tube lies between ~10° and 100°,

B ~ OBSERVATIONS AND RESULTS

'The;results of these experiments are given in Tables 35 to
39 and Figs.'?? to 8L. The planes I, II, III, IV, and V are
parallel to the unheated disc and at distances 0,025, 0,040,
0,065, 0.100 and 0,150 inch respectively. In the graphs no
representation was shown fbr plane V as the effect of rotation
on the readings Wés negligible.

. The vilues in Table (XII-1) give the directiondf the
maximum radings of kinetic pressure; that is, the angle which
the stream at t he mark (o) makes with the radial dircction for
different air discharges, different planes parallel to ﬁhe disc

and different disc speeds,
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Table XII-1 : (Angles between the airstream and radial

direction at radius 9 inches).

~ TV ] .
oo b LEREEE] ]
nurber 55864 ;g ] O 196.2 | 310.5 440 621
I 0 - 1o 0 0 0
100 90 30 19 10 4
200 90 50 52 25 10
300 | 9 | 70 42 30 14
| 400 90 75 a7 55 | 16
11 0 - 0 0 0 0
T 100 90 20 16 10
| 200 90 30 | 24 17
, 300 90 43 30 21 8
400 90 50 34 24 10
IIT 0 - 0 0 0 0
100 90 19 10 o
200 90 24 15
300 %0 | 25 17 10
400 90 o 20 12 | 9
w | 0 - 0 0 0 0
R 400 - 90 10 10 o 7

These angles were again calculated by using Cochran's
solution given in Chapter IX., The method of calculation and
comparisdn with theexperimental results will be given in the

following chapter,
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’ CHAPTER XTIl
DISCUSSION OF FLOW AND HEAT TRANSFER RESULTS

A -~ DISCUSSION OF FLOW RESUTS.

The results shown in Chapter XIIT are here analysed in
another form, Fig.82 represents the maximum pressure readings
against’the distance from the disc when there is no air discharge
from the blower ¥, These curves show that the effect of rotation
‘is great near the surface of the disc, It then diminishes rapidly
as we go farther from the wall. The effect becomes almost ?
negligible at a distance of abouti" from the surface. This resub’
is in agreement with the resultscf Stewartson(ég) who stated
that when one of the discs was at rest the main body of the fluid
was also at rest, with the exception of a thin layer near the
rotating disc. v ) E

Figs. 83 to 86 represent the angle between the airstream and i
the radial direction at radius 9 inches against different air
“discharges. These show that fof very small air discharges the
stream is nearly tangential. As the discharge increases the
angle between the airstream and the radial direction decreases
until, for sufficiently large discharges, the whole stream,beoomeﬁé
nearlyxradial and the effect of rotation becomes very small, |

The angle (f ) which the airstream makes with the radial

difection at a radius 9 inches and different distances from the

* For no @ir discharge from the blower the maximum pressure

readings are in direction perpendicular to the radial,
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disc were calculated from equation (IX-27) for different values
of A and K. Equ&tion (IX~-27) gives

wp = o

.. tan g = £ T . | 1

The values of K were calculated from the amount of air dischargc

assumihg unifbrm[radial velocity distribution at all radii.Thus

- _ i . : X -
X o= Upry I1T~2
where Uliis the velocity at the inner radius rl;
The values of ?\,were calculated from Cochran's (6) results
given in Fig;GO by putting |
N = wa | | XTII~3
where w = ‘diso'speed
-G = part of that speed transmitted to the air
particles at a certain point,

J Wa s

A value of w was assumed. Then ~?”/[ = z (ng)
calculated by putting the required value of =z and the value of

2» at the room temperature. G was then determined from Fig.60.,
The calculated values of the angle (8) are given in Table

(XIII-1). The agreement between the calculated values and those

found experimentally (Table XII-1) is generally fair.

From the preceding results it can be stated that :

o, '4The'éfféct of disc rotation is maximum at'the surface of
the disc, As soon as the surface is left this effect
- diminishes rapidly until it practically vanishes at
~ about " from the disc.
2.,  The effect of rotation increases as the disc speed
increases., In the present range of disc speeds no weak-
ness was noticed in the effect of increasinpg speeds.
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S When there. is no air discharge from the blower the effect
of rotation is predominant. It begins to decrease
rapidly as soon as alr discharge begins to take place.

Table (XIiIél) H .(Galcul@ted,values vf @ for different air
‘ discharges and different disc speeds).

Discharge
Di@%gﬁce N lbsgo b . , v ‘
Di Disc 1 196.2 310.5 440 621
isc Speed_ . , : ' :
(inch) r.p:m:\\g '
0.025 100 33 23 17 12
200 b1 38 29 el
300 58 45 ' 35 27
400 . 62 50 40 31
0,040 100 | . 30 20 14 - 10
‘ - 200 4.0 28 21 15
300 - 46 33 24 18
400 51 36 Al 20
0.0685 100 20 13 9 7
200 24 - 16 ‘ 11 8
300 25 17 I 8
400 25 17 ' 12 8
0.100 400 11 7 5 4

B - DISCUSSION OF HEAT TRANSFER RESULTS.

After the effect of the disc rotation on the flow conditions
has been explained the results of the heat transfer experiments
are not surprising. The effect of rotation on flow conditions
practically vanishes at a distance of about " from the disc.

The same result has taken place in the case of heat transfer.

When the gap between the heating surface and the rotating
disc was 1/16" the effect of rotation on heat transfer was shown

in Fig.71. It can be seen that :



118,

1. The effect of rotation on heat transfer is appreciable
when the radial component of the velocity is small. As
the radial component .increases the effect of rotation
decreases rapidly until it vanishes completely at a
value of (Um) of about 40 ft./sec.

Ce For the same radial component, the effect of rotation on
heat transfer increases as the disc speed increases.

These results are in agreement with the results of the flow
measurements. As the air discharge increases the influence of
\ the tangential component decreases., This restricts the increase
in the length of path of the air pafticles as explainedvbefore.
Equation (IX-30) is now introduced. We have

L o (———l——~)n XIIi-4
h, To = Ty '

This’equation gives the increase in the heat transfer as a
function of the increase in the path length. The experimental
values of —%~ for all the experiments on the 1/16" gap were
calculatedcogresponding to different values of ~%f-. K(= Ulrl
was based on the assumption that the distribution of the radial
component of the velocity was uniform. The values of A were
caloulated from Cochran's(G) results shown in Fig., 60 by putting
A - w G, (&) was taken at the middle plane between the .
heating surface and the rotating disc, that is, at z = 1/32",
The reswits are shown in Fig,87.
, For the same values of «%— 3 the values of ;;;lgz— were
determined from Fig.63. From these values the expéhent (n) in

equation (¥III-4) was found to be (0.28). Thus equation (XIII-4)

hecomes.
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Lo (M_lm__>o‘28 - XIII-5
by Tom 1 L
o - —
where 1 = Jf 2 /1 + (—%f)g nt dr
| r, \ ,

Equation (XILI~5) is represented by the solid line in Fig,87.

~When there was’no air discharge form the blower the rotation
of the disc had an appreciable effect on heat transfer in all
the gaps tested (thevwidest was 1"), This, in fact, does not
contradict the previous conclusions, When the disc is at rest
and the conditions are isothermal there is no air movement at all.
This ié true because the air at all the points has practically
the same temperatufe, and therefore the same denéity. As soon as
ﬁeéting is applied natural convectiontakes place, The air between'
the two discs becomes hot due to its restricted motion. Also the
unheated disc_becomes hot due to radiation from the heating
surface. However, when the disc starts to rotate the particles'

of the air adjacent to the disc undergo tangential and radial -

componentsy Such particles are pushed outwards and new ones,

having the room temperature, come in their place., These
secondary currents have been predicted by Batqhelor(4). They have |

two results ¢

e Such currents, though very weak, cause a direct increase
in the heat transfer coefficient. :

2e The temperature of the air filling the gap decreases, thus;
asking for more heat from the heating surface, with the ‘
result of lower surface temperature for the same amount
of heat input and the same room temperature,

X Radial component is due to centrifugal forces.,
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As would be expected, thé effect of these two factors on
heat transfer decreases as the gap increases. This Was verified
| éxperimentﬂlly as shown in Figg75‘ Thé results lead to a con -
- clusion that ﬂfter a SqulCILntly w1de gap the effect of rotation

would completely vanish,

It Waékthoughﬁof interest to photograph the direction of
the aifstream With and Wifhout»disc rotation. Fig,.88 shows
 two photogrwphs When the gep was 1/16". The air dischargé was
6251 pounds per hour. In Flg.‘88(a) the uhheated disc was at
rést, while in<Fig. 88(b) the speed of roﬁation was 400 r.p.m.

Titanium tetrachloride was used to show the s tream direction.
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CHAPTER XIV

- CONCLUSION,

In the first pﬂrt of the work, when the unheated disc was
stutlonaryg the average coefflclent of heat transfer by forced
convectlon from a flat surche to air flow1ng in rwdlql dlrection |
parqllel to the surface was studied experimentally; The stream
was bounded by the heatlng surche and the unheqted dlsc. _The
rque of alr dlscharge 1ncluded both 1am1nar ﬂnd turbulent flows.f

The flow condltlons were - chﬂnced by changlng the gap between
the plthS- 126 experlments were carrled out on eight dlfferent
gaps so as to show the effect of the gap on heat transfer. The
results for each gqp were represented by dlmenelonlese groupe;l
Correlﬁtlons were given, which brlng the experlmentQ1 data for

21l the ga ps tOGether.

Theoretical comparison Was made between the heat transfer

for a fluid in uniform parallel flow and to a fluid in radial

flow, It was predicted that when the fluid flows in an outward
radial direction theyheat transfer 1s generally less than when

the fluid flows in uniform pafallel flow, An approimate theor—

etical expre881on was derived, Wthh gave results lower than the
experimental ones, Introducing a factor of turbulence, which is §
@ funcvica of Reynolds nunber, the theoretical and‘experimentel |
results were brought together. | o

Eiperimental results of other workers on heat transfer’from
flat eﬁffaces were corrected td d plete 1ength eqdal to the

difference between the radii of the present heater.: They were
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then compared with the present results.’ For the small gaps the
present results were lower, while for the large ones they were

higher, For the middle gaps the agreement with other workers'

results was good.

Heat tfansfer in the laminar range was compared with the
theoretieal values of Norris and Streid(BG) for laminar flow. .
between two paralldl flat plates. The present results were a
1ittie higher than the theoretical ones in the tested range.

Measurements of the veloeity distribution between the two
plates Were @arried out. The'flow rattern was determined.
ﬁmm1a'and.turbulent regions given by the heat transfer curves
Wefe in agreement with the velocity profiles obtained from those

measurements,

n“In the second part of the work the unheated disc was rotated

The effect of rotation on both the flow pattern and heat transfer

was studied.

Ae for the flow patterfithe rotation was found to affect the
anbient air in a layer of about ¢" from the disc surface. When
the radial flowincreased the thickness of the affected layer
deereased. That decreasec was reduced by the increase of the

speed of rotation.

With no air disch%ée form the blower the effect of rotation

~on heat transfer was investigated for four different gaps. The

‘heat transfer coefficient increased by increasing the disc opeed,

while increasing the gap weakened the effect of rotation on heat

transfer,
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When there was alr flow From the blower the heat transfer
was affected by the disc rotation only when the gap was 1/16",
Yet, this effect decreased rapidly as the amount of air discharge
increased. |

'Approximéte calculations were made for the effect of the
disc rotation on the path of the air particles, and the resulting
change on the heat transfer. There was falr agreement With;the

regults found experimentally.

In spite of its importance the heat‘transfer from a flat
surface to a fluid flowing in radial direction has not had much
study we until the present time, The present wdrk forms the
first step in thai field, There is much work to be done yet.

The writer suggests that more work be done on different dimensions
of apparatus. Effect of different flow conditions is to be ‘
gtudied, especially the difference between thé two cases when the%
flvuid is flowing outwards and ihwards. This maj have important |
results in the design of heat exchangers. é
The case when the air is given tangential motion besﬂieéits
initial radial motion is one of several practical applicationé,
such as the cooling problem of turbine casings. As there is no
published data it is suggested that more work is to be done in
that cespect. Higher disc speeds are to be tested and some kind

of artificial roughness may be given to the disc,
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APPENDIX I,

Celculation of the experimental laminar flow results on the

+ (56)‘

basis of Nu' - ? of Norris and Streid

According to the definition of the equivalent diameter

(b+) of Norris and Streid, when heat is transferred from one
side only.we have
T = 401

where b 1is the gap between thg plates. :

Tnerefore, the value of Nu' will be

+ hnpt . 4nv. .,
Nu = T = e = 4 Nu (1,)

Norris and Stried give
+
d = 22— .p, . &t

L r
+
2
where Ret = LUDb.
; PaN

Ihstead of U, Um of the present work was taken. %f
This, together with bT = 4 b , gives :
R :
T - -
e = 72,18 :
Putting P, = 0.72 , we get 1
4 e !
@ = 072 X == X —mm (2)

5,18 .



125,

APPENDIX TTI,

TABLES
The symbole and abbreviations used in the tables are as follows |

B.P,. barometric pressure, m.m., Hg.
D.B.T. = dry bulb temperature, degrees F
D.Sp. = disc speed, r.p.m,

x.No, = experiment number

h average coefficient of heat transfer, Btu/(sq.ft)(hr)®
H, heat lost by radiation, Btu/hour ;
H, = heat lost by conduction, Btu/hour

Ho net heat transferred by convection, Btu/hour
velocity head given by the small total head tube,
(1 at radius 43", 2 et radius 7§").

i

il

1

I

I

hm

I M.H. = input of the main heater
I.G.H, input of the guard heater
& = thermal conductivity of air, Btuw/(ft)(hr)(deg.F)

i

Pn = pressure differcnce across nozzle, inches of water

Q = amount of air discharge, pounds/hour

tw = average . temperature of the heating surface

td - = average temperature of the unheated disc

tﬁ = temperature of the inner asbestos ring

t; = temperature of the outer asbestos ring

ta = mean temperature of the air at the working section

U = mean air velocity, feet/second

Uy = mean air velocity at radius 43", feet/second,
(mea.= measured by pitot tube, cal.= calculated from
the calibragtion curve of the nozzle) ’

Uy = mean velocity at radius 73", feet/second,
{mea, & ecal. as Ui)

Z = distance from the unheated disc, inch

" = viscosity, 1bs/(ft)(hr)
Nu & Re ove Nusselt and Reynolds numbers,
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Calibration of nogzzle

622,21 10,87 |1,81| 1,48 | 1,11} 0,63 | 0.52| 0.35| 0.26

«97 ] 2,53 | 1,02 | 2,15] 1,73 | 1.,29| 0,72 | 0.59| 0.42| 0.29

311 2,83 11,13 | 2.32| 1,93 | Lobk| 0,85 | 0.67 | Osk6 | 0.34
3.32 | 2,79 | 1,10 | 2,32| 1,89 | 1.39| 0,81 | 0.67 | 0,45 | 0.32
3.56 | 2,97 | 1.16 | 2,40 1,99 | 1.48| 0,86 [ 0.71| 0,49 | 0.36
3.5k | 2098 | 1,18 | 2,48| 2,01 | L.48 ] 0,86 | 0,69 | 0.48 | 0.35
3,50 | 2,91 | 1413 [ 2,43 1.96 | L.46 | 0,84 | 0.67 | Oulib | 0,34
3.60 | 3,04 | 1,19 | 2,51 2,05 [ L.50 | 0,87 | 0.70 | 0.49 | 0.36
3459 2,97 | 1,16 | 2,45 2,00 | L. 48| 0,86 | 0,70 | 0.48 | 0,36
3.60 | 2,95 | 116 | 2,44 | 1,98 | 1.46 | 0.85 | 0,69 | 0.47 | 0.34
347 [ 2091 | 1o1h [ 2,43 | 1,96 | Lo45 | 0,85 | 0,68 | 0,46 | 0.33
3405 | 2,63 | 1,05 | 2,32 1,81 [ 134 | 0,76 | 0.62 | 0,43 | 0,31
2045 | 2,01 | 0473 | 1.70| 1,26 | 0,97 | 0,60 | 0.6 | 0,30 | 0.23

2
2
3

No,

Table (1)3

Velocity heads in the vertical plane at different radii, (mem, water)
Expe.

from pipe
(inch)

axis

Dist.

NVOQOOQ O QOO QO u
VYRIRSREAERER®
® & @ & P * . -« » * ® L d L d
NaNANHHOOOHMHANN A

oy

-

+ 4+ 4+ + + +




Teble (2)3 Calibration of nozzle

Velocity heads in the horizontal plane at different radii (m.m., water)

127,

\Exp Nol
Dist,>. | 1 2 | 3 A 5 6 8 | 9 10
from pipe <
axis (inch) :
4 N : ‘;
+ 2,66 3.61| 2.58] 0,98 2.21) 1.66] 1,31} 0. 7] 0,591 0,43 |03 |
+ 2,50 30251 2,72} 1,05 2.35| 1.87| 1.34 | 0.78 ] 0,63 ! 0,45 | 0,3k |
+ 2,00 3.481 2,93 1.16 2.541 14991 147 0085 0a68'0o1+8 0036 :
+ 1450 3,541 2,921 1,17 2.46] 1,95 1,48} 0.85]| 0,67} 0.46 | 0.35
+ 1,00 3.51 ) 2,96{ 1,16 2,43| 1.98] 1.48] 0,88 0,70} 0.48 | 0.36
+ 0,50 34591 3402 | 1,18 2,50} 2,0L| 1,49} 0,87 | 0,70 § 0.48 | 0,35
0.00 3.49 ] 2,921 1.13] 24411 1496 145 0.84 | 0467 | 0oli6 | 0034 :
- 0050 5051 3002 1018 2.2|-9 1099 lo2}-9 OQ87 0.69 O-LI—B 0035 i
- 1,00 3.49 | 2,95 1,15 2,401 1.96| 1,471 0.87 | 0,69} 0.48 | 0,34 Z
- 1,50 347 | 2,91 | 1oLk | 2.39] 1,93 | Lolikf 0,85 ] 0,67 0,46 | 0,34
- 2,00 3042 | 2490 | Lolh| 2,42) 1492 | Lobk | 0485 | 0467 Oo47 | 0434
- 2,50 3,28 | 2,66 1,05| 2.33] 1e85| Lo34 | 0478 | 0,63} 0445 | 0434
- 2,85 2463 | 2,23 0,88} 1,92{ 1,50 { 0,99 | 0464 | 0,51 0.36 | 0,26
Table (3): Calibration of nozzle, Observations
Exp.No, 1 2 3 Fa 5 6 |7 8 9 10
Date (1954) 7-9 17-9 | 8-9 [8-9 | 9-9 | 9-9 [10-9] 10-9}13-9 }13-9
Bar.press, 76.1 76.1 76.0 76.0 ‘ 75.8 75.8 7509 7509 76.0 76.0
m.meHg ) = : v |
Dry B.Tl:?deg.F; 6505 [66e1| 655 | 66,0] 65,0} 65,1 | 63.1| 63.5f 63.5 [63.6 |
Wet B.T.(deg,F') 611 [61.5] 61,1 | 61,7 60,1} 60,5 § 58,6} 5940 59,0 [59.1
Pn (inches 14000 [3430] 1,30 | 2480 | 2,20 1,65 | 0,95} 0,75} 0.55 [0s35 |
water ' _ :
. Dable (4): Calibration of noszle. _ Results
Exp.No.f 1 2 I 5 6 3 8 10
f |
kA.mount 20,73 [18,85 |17.35 | 15.45 ] 13,34 [ 11.76 | 10,24 | 9,10 | 7,61 j 6,50 |
of air ,
(1bs/min)
: !




Table (5):  Calibration of small total head tube

Hg = reading of standard Pitot tube (m.m. water)

Hy = reading of small tube (m.m. water)

Hy

0.92

| 1.78 | 3,05 | 3.97 | 5.62 | 7.47]
Position |
1 Ho | 0489 | 1.69 | 2.88 | 3,76 | 5.32 | 7.07
2 Hy | 0485 | 1.40 | 3,16 | 463 | 6.18 | 7.92
Hy | 0682 | 1.32 | 2.97 | k30 | 5.85 | 7.39
3 1 |
Hy | 0u64 | 1,51 | 2,76 | 3.98 | 6,50 | 8.25
Hy | 0.76 | 1.95 | 3.20 | 5.16 | 6.8 | 8.07
Ha | 0a75 | 1.86 | 3,02 | 4.88 | 6,47 | 7.64
Hy | 0074 | 1.63 | 2.86 | 4.2 | 6,95 | 8.72
5 | | |
p He | 0,81 | 1,92 | 3,04 | 488 | 6,19 | 8,20
Hy | 0,76 | 1.83 | 2,90 | 477 | 5,92 | 7.8

128.
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Table (23):

Velocity distribution between the plates

146.

= du
(Gep 5")
E.N, Z Velocity hm2 Velocity
(mCh) (m.m.HZO) (ft./sec. ) (m.m.HgO) (ft./sec. )

1 04015 1,95 18.0 052 9.9
0,020 2.40 21,1 0.69 Al.4

0.025 2,73 2245 0.89 12,9

0,050 318 2he3 1,36 15.9

0.075 3.1k 2442 1.25 1543

0,100 2,66 22,2 0.82 12.3

0.105 1,88 18,7 0,69 11,4

0,110 1.43 16.3 0.50 9.7

2 0.015 17,86 57.6 5038 31,6
0,020 19.33 599 6011 33.7

0.025 19,67 60.5 6.91 3548

0.050 21,15 6247 8,09 38,8

0.075 21,63 634l 7450 37.3

04100 19.33 59.9 593 3342

0,105 16,38 5542 5e72 32.6

3 0.015 35415 80.9 11,83 46,9
0,020 36477 82.6 12,41 48,0

0,025 38,46 84.5 12,86 48.9

0,050 40414 8644 13,95 50.9

0,075 L0414 8644 13,63 5043

0,100 38433 Blioly 13,18 L3¢5

04105 36448 8244 12,75 48,7

04110 30,50 753 11.68 L6.6




Table (24.):

Velocity distribution between the plates

147,

=3
(Gap = 2 )
Z hmy Velocity hm2 Velocity
E.Ne | (inch) | (memeHo0) (£to/secs) (mem.H,0) (fto/sec.)

L 0,015 1,67 17.6 0,59 10.5
0,025 331 24..8 0.98 13,5
0,050 4.10 27.6 1,54 16,9

0,075 P L4.18 27.9 1,73 17.9

0.125 3,70 26,2 1,36 15,9

0.150 2,99 23,6 0.92 13,1
0.1€5 2,36 20,9 0.66 11,0

0.172 1.77 18.1 045 9.1

5 0,015 10,52 L2 3.08 23,9
0,025 12,24 4ie7 L., Ol 27l

0,050 13,50 50,1 Selk 3069

0.075 1%4.09 51.2 573 32,6

0,100 14,00 51,0 S5elids 31,8

0,125 13,60 5063 4,75 29.7

0150 12,50 48,2 381 <646

04165 9.72 42,5 2,95 236k

06172 8.19 39,0 2477 22,7

6 0,015 29.33 73.8 8.58 3949
0.050 33,30 78.7 11,53 45,3

0,075 5382 79.4 12.38 48,0

0,100 33454 79.0 12,20 L7.6

0,125 3244 776 11.48 46,2

0,150 30,00 The7 10,17 L3¢5

04165 26463 704 8,09 38.8

0.172 20,69 62,0 6.83 35.6




. Table (25): Velocity distribution between the plates

1
Gap = ="
(Gap 4)
T !
| . 7 hmy Velocity hm2 | Velocity
% E-Ne ! (inch) (memsHz0) | (£te/sec,) | (memeHo0) | (£t./sec.)
' 7 3 0,015 0.97 134 OOLI'B { 9.5
; ¢ 0,025 1.73 17.9 0.67 11.2
s 0,050 2,78 2247 0.97 ‘ 13,4
! 0.075 2,91 2542 1,08 14,2
; 025 | 2.93 25,5 1435 | L5
! : 00150 ! 2.91 i 23.2 1.07 1401
; 0,175 | 2,91 23,2 0,92 13,1
0,200 2454 21,7 0,76 11.9
f i 06235 ; 1,25 15.2 Oul? 9.3
i & ’ 0.01L5 T3l 3609 2442 21,2
: 't 06025 10,18 4345 3439 25,1
: | 0050 12,08 L7.4 3,78 26.5
: s 0,075 12,39 48,0 ' Le25 28.1
| | 0,100 | 12.5 48,3 lali 28,7
t 0,125 12,33 47,9 L.31 28,3
0,150 11,99 L7.2 3490 2649
0,175 11,21 15,6 353 25.6
0,200 | 9463 42,3 3,00 2346
0.225 | 3e16 3849 2436 20.9
9 | 0015 | 17.27 5646 6475 3544
0.025 | 24423 6701 72595 386k
: 0.050 27475 71.8 9655 | 2,1
0.075 ‘ 28,09 723 - 10,90 ’ 45,0
0,100 - 286,04 7242 1144 46,1
0,125 27499 72,1 11.30 | 45.8
! i 09150 ] 27-21 7101 9099 1!-301
00175 ] 26002 69-5 8069 )-1-002
04200 22,33 Elrely 7.52 37ek
0.225 16435 55.1 6.23 3510




Table (25): Velocity distribution between the plates

149.

n
(Gap = 2°)
| 8x,No. z hyp, Velocity hmp Velocity

. : (inch ) (memeHx0) | (£to/secs) | (memoH,0) (ft./sec, )
10 0,015 0,97 iE, 79’8 Oulils. 9.0
0.025 1.27 1504 . Ov51 908
0.050 2011 19.8 0.69 11,4
0.150 2.59 21.9 0.89 12,9
0.200 2,56 21.8 0.88 12,8
0,250 233 20,8 0.67 11.2
B 0-300 1092 1809 0.62-)- 10.9
f 0,360 1,16 14,7 0.39 8.5
o i . -
15 0,015 8,02 38,6 2452 21,6
0.025 9.31 41.6 2,97 2345
0,050 10,73 L7 3475 26,4
0,100 11,32 45.9 L.59 29,2
0,150 11,2 4L5.8 Le59 29,2
0.200 11,22 45,7 431 28,3
00300 9012 Lllse 2.90 23.2
04350 7425 3607 1.9 19.0
0,360 6467 352 1.67 17.6




Table (27):

Velocity distribution between the plates

150,

2343

(Gap = 3")
RN, | Z hm Velocity hy2 Velocity
* i (inch) | (memeHy0) | (ft./secs) | (memsHp0) (ft./s6ce)
!
12 0.015 1.40 16.1 0.56 10,2
0,025 2,54 21,7 0.80 12,2
! 0,100 3,87 2648 1.36 15,9
} 0.200 3.87 26,8 1.33 15,7
06300 3458 25,8 1.07 14,1
: 0.350 5402 23.7 0094 13.2
0,400 2414 19.9 0.73 11.6
% 0.450 1.27 154 Oo &7 Yol
0.475 140k 1349 0042 8.8
; 0,485 0.91 12,9 0.32 748
[ 13§ 0,015 8.09 3848 2451 21,6
y 0,050 11,99 47.2 390 2649
: 0,100 12,76 48,7 4,82 29,9
| 0,150 12,84 48,9 4,96 304
! 04200 12,97 49,1 4.78 29.8
i 0,250 12,84 48,9 4e26 28,1
0,300 12454 4843 3461 2549
04350 10.72 Lhe6 2499 2346
OQL"OO 70 65 3707 201'524' 2103
0.450 LeT7 29.8 1.79 18,2
Oe475 3456 257 146 16,5
0,485 2,93 1.22 15,0




Table (28):  Velocity distribution between the plates

1

151,

=2
(Gap z )

Exoilc Z byl Velocity) hm2 Velocity
(inCh) (memoHZO) _ (ft./sec.) (m.m.HQO) (ft o/S@‘-Co)

1y 0.015 3,01 26.6 0498 13.5

0,025 431 2843 1,13 U 5

0.050 401 30.2 1,33 15.7

0,100 573 32.6 1.77 18.1

0,150 6,08 3346 2,16 20,0

0,225 6,11 33.7 2,40 21,1

0,300 6411 33,7 2,40 21.1

0.375 6,08 33.6 2,36 20,9

0.450 5.85 3340 2,07 19.6

0.525 5.17 31,0 1,79 18.2

0600 4428 28,2 1.40 16,1

04650 3.58 25,8 1.11 Lols

0,700 2,66 2242 0.88 12,4

1 0.725 2,22 20,3 0.73 11.6

; 0.735 2,16 20,0 0.66 11.0

{




152,

< Mable (29): Bffect of dise rotation on heat transfer, Obseérvations
EO:NO% Da-te Gap DOSP Pn ’DCBOT‘, IQM.H. IoG’oHp tw t‘~d ti to
rpm | watts | watts) Mevws | MeVe | MeVe| MeVe
2 1 21,11,55 1w 0§ 0,02 | 66,01 144.5 | 52,1 {3,331 }1.,127{ 2,00 | 2,01
2a L 1100 6648 | 144ie5 | 52.1 |34344 | 1,050 | 2,01 | 2,02
20 3001 677 | Lheb | 5261 £3.340 10,9771 1,981 1.9,
24 w| 400 | 67.7 1 1hhe5 | 52,1 134332 | 0,967} 1,96 | 1.62
1 {13.12 |2 0} 0,02 { 63,1 }165.,5 | 5649 }3.220 § 1,023 | 1.91 | 1,93
la 16 | 100 63,6 1165,5 | 5649 13,221 § 0.950| 1.93 { 1.94
1ib 200 6LeO § 165.5 | 56,9 13,222 § 0,923 | 1.92 | 1.93
e 300 | 6Le3 1 165,5 | 5649 {3,222 ] 0,903 | 1,91 | 1,90
11a L 6le6 §165,5 | 5649 | 34225 § 0,900 | 1.89 | 1.84
12 115,12 |= .0} 0,01 | 69,0 §172,0 | 5747 {34367 | 1s210| 2,05 | 2,12
223 8 1100} 69.4 {172.0 | 57.7 |3.366 | 1127 | 2,05 | 2,10
12b ' 200 698 11720 | 5747 134364 | 1.097 | 2,03 | 2,06
12¢ 300 | 69,9 {172,0 | 5747 }3.361 { 1,090 | 2,01 { 2,02
12d ; 400 70e0 1172,0 | 5747 13.358 } 1.080 ] 1.98 | 1,95




'Results

Tatle (30): Effect of disc rotation on heat transfer,
E:;:‘,-N!;‘ Q U. 'tr'w' ta_ ti bt ' ToM.He | H Hc H h
™ | QopF [deg.F | deg.F | degaF |Btw/hr| | °
P12 62,1{6477 | 187.,1 | 90,9 129.2 | 132.4 | 587 130 9 1§48} 3,96
122 | 187,1 | 87,0 129.2 | 131.,5 | 587 13&g 9 Uy 3.95
12b 187.0 | 85,6 | 128,3 | 129,7 | 587 | 1359 101 442} 3.95
126 186,88 | 85.3 | 127.5 ¢ 127.9 | 587 | 135{ 10! 42| 3.96
124 186,7 | 8.8 ] 126,2 [124,9 | 587 | 136} 10| 441 ] 3.96
! 11 187.8/6438}180,7 | 82.1|123,1 {1240 | 565 | 128} 9 |428} 3,81
P 1la 180,8 | 78.61 1240} 1240 | 565 | 132} 101 423} 3.78
11b 180,8 | 77.3 | 123.5 }124.0 | 565 | 133| 10} 422| 3.78
1le 180.8 | 76. | 123.1 }122,6 | 565 | 134} 10] 421} 3,78
114, | 181.0 | 76.2]122.2 1119.9 | 565 | 135! 11} 219] 3.77
2 87.8|4e79| 185.5 | 87.0] 127.1 | 127.5 | 493 | 131| 1e] 352] 3,08
2a (186,1 | 83.4f 127.5 | 127.9 | 493 136] 10| 347§ 3405
2 | 186.1 } 81.0) 127,1 | 126.6 | 493 | 139} 101 344 | 3.0k
o, 185.9 | 80,0 126,2 [ 12h,k | 493 | 139| 11} 343 3.04
2a 185:6 | 79,k | 125.3 [120.4 | 493 1139 |11 | 343 ]3.05




Table (31): Effect o disc rotation on heat trensfer

. . n )
~ (Observations for Gap = -15-6- )

5L,

Ex.Nb Date | Pp | DoSpj DuBuTd LM He{I.CoHef ty tq ti | %o

A rpm watts fwatts | MeVe | MeVe | MeVe | MeVe
3 123,11,55 | 0,01 O | 664l | 2317 | 6h4e5 | 34295 1,240 2,03 2,18
3a | 100 | 6762 | 23107 § 6hel | 34295| 1,169 | 2,04 | 2,13
3b 200 | 6746 | 231e7 | Olel | 34284 | 1,140 | 2,021 2,09
3c | 300 | 6845 | 231.7 | 6lhel | 3.268{ 1,133 | 2,00 2,03
3d LOO | 6841 | 23107 | 6hel | 3.240{ 1,102 | 1,96} 1,96
La. - 100 | 6345 | 3124 | 80.2 | 3.113} 0,883 | 1.92| 1.83
Lb 200 | 63,7 | 312,4 | 80,2 | 3.103| 0.877 | 1.91| 1.81
Le 300 | 6440 | 312,4 | 80.2 | 3.103]| 0,877 | L.9L| 1.79
L4, LOO | 6l4e8 | 312,4 | 80,2 | 3.101| 0,883 | 1.90| 1,78
5 1. 12 0,1C O | 6543 | 3597 | 89«1 | 3.268| 0,903 | 1.99| 1.85
Sa | ] 100 | 6640 | 359,7 | 89.1 | 3.279] 0.903 | 1,98 1.82
5b | 200 | 66,0 | 359.7 | 89,1 | 3,291} 0,897 | 1.98{ 1.82
Sc 300 | 6640 | 35947 | 89e1l | 3.291| 0,897 | 1.98| 1,81
5d LOO | 6642 | 3597 | 891 | 3.280| 0,893 | 1,98] 1.80
6 5. 12 005 O | 63,9 | 175.0 } 56,5 | 3.193{ L.437 | 196 2,18
€a : | 100 | 65,0 | 1877 | 59¢3 | 3.301| 1,347 | 2,01} 2,15
6b 200 | 6544 | 18747 | 5945 | 3.258| 1.285 | 2,01 2,09
6¢ 300 | 6640 | 18747 | 5745 | 3.2uk| 1,263 [1e96] 2,02
64 LOO | 6642 | 18747 | 57e5 | 34192} 14223 | 1693 | 1493
7 6o 12 0,02 O | 65¢8 | 240,0 | 62,6 | 3,023 1.080 | 1.92| 1,98
7a 100 | 66k | 24743 | 65,0 | 3,098 1,043 {149k | 1,99
7o 200 | 6648 | 24743 | 6540 | 3,098] 1,027 {194 | 1.95
7c 300 | 67,0 | 247.3 | 65,0 | 3,081 1,017 | 1.92| 1,90
74 LOO | 6745 | 247.3 | 65,0 | 3,071] 1,013 {1.90| 1.87
9 Be 12 ] 04201 O | 6842 | 413.5| 9343 | 3.068| 0,950 ;| 1.99| 1,64
9% . 1 200 6901 420,0 933 34120| Q.933 | 2,00 1.65
94 LOO | 694k | 420,0 | 9343 | 3.119] 0.923 | 2,00! 1,64




- meble (32):

Effect of disc rotation on heat transfer

"
(Results for Gap = %.;6- )
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Ex N,

|

Q- Un | btw | ta b3 to |I.M.He Hp | Hg | Hy h
'deg F |deg F| deg F| deg F | Btu/hr ’ '
6 43,91 9.581 179.6 | 101.5| 125,3| 135,1 | 596 | 107| 8| 4BL | 4.35
6a 1 1842 97.3| 127.4] 133.7 | 640 | 1191 9| 512 | 4 49|
6b 182.4 § 9he3 | 127.4 1 131,01 640 | 119 9| 512 | 456
6c 181.8 | 93.4 125,31 127,9 | 640 | 120} 9| 511 | 4.62
6d C 1 179.5) 91.5) 124,01} 124,01 640 | 117| 9| 514 | Le7h
3 62,1 | 13.55{ 184.0 | 92,3| 128,31} 135.1| 790 | 124| 9| 657 | 5.85
3a - 184,0 | 89,0 128,8| 132,7 | 790 | 128 9| 653 | 5.85
3b 183,5 | 87.6| 127.9 131.0| 790 | 128} 9| 653 | 5.90
3¢ | 182,8 | 87.3| 127,0| 128,3 | 790 | 127| 9| 654 | 5.98
34 181.6 | 85.8| 125.3) 125.3 ] 790 | 126 9| 655 | 6.0k
7 87.8| 19,16} 172.,2 | 84.8] 123.,5} 126,21 817 | 112| 8| 697 | 6.86
7a. - 175.5 1§ 83,0 124,41 126.6 | 843 | 119 8| 716 | 6.86
7o  175.5 | 82,3 124,04 | 124.9] 843 | 120| 8| 715 | 6.89
7e 174,71 81.81 123.,5] 122.6 | 843 | 119)] 9| 715 | 6.95
74  174.3 | 81,6 122,61 121,31 843 | 119| 9| 715 | 7.03
L [139,0 30430) 17643 | 768 124.4 | 120,8 | 1066 | 127| 9| 930 | 8.59
La. ' L 176.1 ] 75.4| 123,51 119.5 {1066 | 1281 9| 929 { 8.64
Lb - 175.7 | 78.2| 123.1| 118.6 | 1066 | 1271 9| 930 | 8.69
he 175,71 75.2) 123.1| 117.7 1066 | 127 9| 930 { 8.71
43  175.6 | 75e4| 122,61 117.2 {1066 | 127 9| 930 | 8.79
5 196,2 | 42,80| 182,8 | 76.3] 126,6 | 120.4 | 1227 | 13810 | 1079 | 9.61
5a. - 183,3 | 76.3| 126,21 119,0 {1227 | 138 {10 {1079 | 9.62
5b 183,81 76,1 126,21 119,0 | 1227 | 13910 {1078 | 9.59
5c  183.8 | 76,1} 126,21 118.6 {1227 | 13910 [1078 | 9.59
5d | 183.3 | 75.9| 126,2{ 118,1 | 1227 | 139 |10 | 1078 { 9.63
9 | 27748 | 60460} 174e2 | 7846 126,6| 110,9 | 1410 | 121 | 10 | 1279 |12.62 .
9b P AT76ek§ 7748 12741 11143 | 1431 | 126 | 10 | 1295 [12.65
%4 17664 | 77.3 | 127,11 11049 | 1431 | 126 | 10 11295 {12,683
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Table (33): Observations of heat transfer experiments with stationary
air blower

Ex.N.! Date - Gap | DeSpef DeBoTd ToileHy ToGoHe Ty tq ti | to

5 rpm watts | watts | meve [MeVe | MaVe | MoV
1 (16,1155 1 X" 1 0167.2 | 61.5]3%.7 | 2,922 | 1.470 | 2.05| 1.78
1la | &b 1001 68.7 | 72.0 ) 38.2 | 3,163 | 1.403 | 2,04 | 1.83
1b | 200(68.9 | 76.3|38.6 | 3.149 |1.300| 1.99| 1.77
1lc | 300069.2 | 76.3|38.2 | 3,022 |1.203} 1,90 1.61
1d I | %00[69.8 | 80.5|38.6 | 3.029 |1,163 | 1.87 | 1.55
8 7.12 %3" 016645 | 71.8]38.6 | 3.419 | 2,230 2434 | 2,18
8a 101 100 1 67,1 | 7947 37.2 | 34162 | 1,767 2.10] 1.97
8b ] 2000 67.9 | 88.038.6 | 3,100 | 1.641| 1,98 1.92
8c | 300 | 6746 | 9540 | 394 | 3,051 |1.530| 1.90| 1.86
8d | 600 | 6745 | 1064k 1 41e3 | 20958 | Lakd1l| 1,82 1,76

1 i ! 5
10 |12,12 |2 0160.5 | 61.5|30.5 | 2,927 |1.507| 1.97| 1.71-
10a 16 | 100160.,8 | 78.5{40,0 | 3,080 |1,311] 1.88| 1.68
10b | 200|611 | 847 |42.6 | 3,092 |1.203] 1,86 1.66
10c L 300 | 61l 3¢5 | Lok | 3,128 | 1,117} 1,83 | 1,57
104 | 400 61,6 | 98,0 |46.3 |3.122 |1,063] 1.81] 1.51
" W -

13 | 16412 ¢%  0]70,0 | 72.2(39.0 |3.628 | 2,143 2.45] 2.22
13a 8 | 100 70,9 | 80.k |39.0 |3,371 |1.707| 2.16| 2,10
13b - 200 | 71.5 88.9 | 39,0 | 3.219 | 1,507 | 2.02| 1,97
13e - 300 }70.9 976 { 403 | 3,161 {1,377 L.95| 1.82

134 | 400 [70.9 |10649 | M5 | 3,17k |1.303] 1.91| 1,75




Results of heat transfer experiments with

Ta ble (34.):

,
/

stationary air blower
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Ex Np bty | tg t3 | oty |TJLHS He | Hel Hy h
| deg F| deg F{deg F |deg F |Btu/hr ;
8 | 189,41} 137.3 1 142,3 | 135.1 | 245 791 91157 | 1.3k
8a | 178,2} 116,7 | 131.5 |125.7 | 272 86| 8178 | 1.68
8 | 175.5} 110,9 | 126.2 | 123.5 | 300 90| 81202 | 1,97
8c | 173.4} 105,8 | 122.6 |120,8 | 331 921 91230 | 2,27
8d 16944 § 100,3 | 119,0 | 116,3 | 363 931 91261 | 2,68
13 | 198.2) 133.4 § 147.1 {136,9 | 246 | 100} 10| 136 | 1,11
13a | 187431 113,91} 134.2 | 131,5 § 274 | 106| 9159 | 143
13b | 180,7] 104.8 | 127.,9 |125.7 | 303 } 105| 9189 | 1.81
13c | 178.2) 98,71 124,9 [119.0 | 324 1| 108| 91t 207 | 2,02 |
13 | 178.7) 95.2 § 123.1 |115.9 | 364 { 112 10 242 | 2,35
10 | 168,0| 104.8 § 125.8 | 1#4,0 |} 210 | 85| 8117 | 1.1k
10a | 174.7} 95.6 | 121.7,,112,7 | 268 | 106| 10} 152 | 1.40
10b | 175.2} 90.6 }120,8 {111.,8 | 289 { 111} 10 {168 | 1.54
- 10c | 176481 86,5 }119.5 [107.7 | 319 | 118| 11190 | L.72
104 | 17645} 84.0}118,6 |104,9 | 334 {12011 [ 203 | 1.85
1 167.9 | 10341 | 129,3 | 117.2 | 210 87| 8(115 | 1.20
la. | 178,31 99,1 §128,8 {119,5 | 247 {107 9 |131 | 1.25
1b | 177.7 1 95.1 }126,6 |116,8 | 260 | 111 | 10 }139 | 1.3L
le | 172,2§ 90,6 [122,6 {109,5 [ 260 | 106 |10 |1l | 1.46
1d | 172,51 8847 |121,3 |106,8 | 274 | 10910 155 | 1.58




Table (35):

Kinetic pressures at different angles with radial

direction (inch of water)

Dates 9,1.1956) Discharge = 0)
b Z D.Spa 700 80° 90° 1000
{ inch rpm.
0,025 0 0 0 0 0

100 0.005 0,006 0,007 0,007
200 0,019 0,018 0,020 0,020
300 0,032 0,030 0,032 0,033

; OO ¢ 0,049 | 0,045 ‘0,050 0050

P | o i | §

| 0,040 0 0 0 0 0

i 100 0..003 0,003 0,004 | 0,00k

g 200 0,010 0,010 0,011 0,011

i 300 | 0,019 0,018 0,019 0,019

? 400 0,025 0402 06025 0,026

© 0,065 0 0 0 0 0
100 0 0 0,001 0,001
200 0,003 | 0,002 0400k 0.00L
300 0,007 0,008 0,008 0,008
400 0,010 0,011 0,012 0,012 -

| 0.100 0 o 0 ) 0

| L,00 0400k 0,006 0,00 0.006

0,150 0 o 0 0 0
400m | 0,001 0,001 0,002 0,002 -
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Table (36): Kinetic pressures at different
direction (inch of water)

angles with radial
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(Date:  10,1.1956) Discharge = 196.2 1bs./hour)
D. SP! .
0.025| 0 | 0,003 | 0,004 | 0,003 | 0,002 | 0,002 | 0 |=.001 | =.001{=4001{=,002
100 | 0,000 0.020 ' 0,001 | 0,002 | 0,002 | 0,002 | 0,001 { 0.00Q|=4O0L|=,002
. 200. - -=,001} ¢.000 | 0,00L | 0,003 | 0,008 | 0,008 | 0,008 | 0,008{0,002 0,002 |
300 | =005 { =,C0L | 0,003 | 0,008 | 0,012 {0,016 {0,019 {0,021|0,020! 0,018
400 | =011 | =004 | 0,003 | 0011 | 0,018 | 0,025 | 0,030 | 0,031|{0,031{0.030
0.040f 0 {0,005 ! 0.005 | 0,005 | 0,005 |{ 0,003 | 0.00L | =400L | =,002 .00
100 }:0.003 | 0.005 | 0,005 | 0,005 | 0.005 | 0,004 {0,000 | 0,000{=.001
: 300 | 0,001 | 0,005 | 0,008 | 0,011 | 0,013 | 0,013 | 0,011 { 0,009{0,008
400 | 0.000 | 0.005 | 0,010 { 0,01k | 0.019 | 0,020 | 0,020 | 0,016{0.012
0.065! € | 0,010 | 0,011 { 0,010 | 0.009 | 0,008 |0.00k |=,001
| 300 | 0,009 {0,011 | 0,011 | 0,011 | 0,011 {0,008 o.gg%
; 200 | 0,009 | 0,011 | 0,011 | 0,012 | 0,012 |0.010 |O.
: ! 300 | 0,009 | 0,011 | 0,013 | 0,01} | 0,01 | 0,013 {0.008
; i 400 | 0,009 { 0,011 | 0,015 | 0,016 | 0,016 | 0,016 |0.010
0,300] O |} 0,013 | 0,01k | 04013 | 0,012
400 | 0.012 | 0,016 | 0,017 | 0,015
0.150] 0 | 0,015 | 0,015 {0,015 | 0,015 |
400 | 04,015 | 0,014 | ObOL: | 0,015 :
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Toble (37):  Kinetic pressures at different angles with radial
direction (inch of water)
(Date: 12.1,1956. Discharge = 310.5 1bs,/hour)
f T
2 DeBpe| : i :
(mon)| Tom | 10 0 | 10 20 30 10 50 70
L — _ _ ,
0,025 o | 0.010| 0,012 | 0,011} 0,011 {0,009 | 0,006 | © ~.006
100 | €.008! 0,010 | 0,011 0,012 | 0.010 | 0.008 | 0,00l | =00k
. 200 | 0.001: 0,008 | 0,011 0,012 | 0,012 | 0,012 0,009 | ©
{ 300 | ~-.002} 0.,005{0.012} 0,019 { 0,019 | 0.020{ 0.020 | 0,010
400 | :=.009} 0,002.| 0,013 | 0,022 | 0,025 | 0,029 | 0,029 | 0,02k
. 0,040 | 0 | 0016 0,018 ]0.016] 0,015 | 0,014 | 0.008 | 0,002 |
; 100 | 0,015 0,017 {0,016 0,017 | 0,015 | 0,012 | 0,008
! 200 | 0.010] 0,017 | 0,017} 0.020 {0,019 | 0,016 | 0.010
. 300 | 0.010| 0,016 | 0,020| 0.022 | 0,023 | 0,022 | 0,017
- 400 | 0,009{ 0,015 | 0,021 | 0,028 { 0,029 | 0,029 | 0.023
' 0.065 1 0 | 0,023| 0,02 | 0,023 | 0,022 | 0,020
100 | 0.023| 0,024 | 0,024 0,023 | 0,020
| | 200 | 0.,020] 0,026 | 0,027 | 0,028 | 0,024
; t 300 | 0,020| 0.026 | 0,030| €,031 | 0,029
| - 400 | 0,020{ 0,026 | 0,030 0,033 | 0,030
0,100 0 | 0,030 0,030 | 0,030} 0,030 { 0,023
400 | 0,030} 0,036 | 0,038 0,036 | 0,032
0,150 0 | 0.030! 0,031 {0,031 0,030 | 0,028
4,00 | 0,030 0,031 | 0,031 0,030 | 0,028
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Table (38): Kinetic pressures at different angles with radial
direction (inch of water)

(Dafe: 16,1.1956 Discharge = 440 1bs/hour)
i

Z D.Sp¢ ] - (o] » ] ‘ 3 | .
(1on) | e =20° | 0} 10 | 20 | 30 | 40 | 50

0,025 0 | 0,030 | 0,030 {0,030 { 0,028 0,023{ 0,010 | 0,003
100 | 0,027 | 0,029 {0,030 | 0,029 | 0,025 0,015 | 0,009
200 | 04022 | 0,026 } 0,030 | 0,030 | 0,031| 0,024 | 0,018
300 | 0,019} 0,025 {0,030} 0,032 0,033} 0,031 | 0,024
400 | 0.016 { 0,024 {0,033 | 0,038 0,040| 0,040 | 0.038

0040 | O | 0,037 | 0,039 {0,039 | 0,038{ 0,029| 0,019
100 | 04034 | 0,039 | 0,039 | 0,039 0.,032| 0,021
. 200 { 0,032} 0,039 | 0,039 { 0,040] 0,036! 0,027
i . 300 { 0.031{ 0,039 {0,040 ' 0,041 | 0,041} 0,031
| 40O | 0,030 | 0,039 | 04046 | 0,047 | 0,OLT| 0,039

0,065 0 | 0,052 | 0,055 {0,055 | 0,047 } 0,039
- 300 | 0,049 | 0,055 {0,056 | 0,054 1 0,050
LOO | 0,048 | 0,055 | 0,059 | 0,057 | 0405 |

0,100 0 | 0.063 | 0.065 | 0.065 | 0,058 | 0,052
400 | 0,061 | 0,065 | 0,067 | 0,062 0,059

0,150 | O | 0,062 | 0.062 | 0,067 }0.060 | 0,052
400 | 0.061 | 0.062 | 0.067 0.060 | 0,052




Toble (39): Kinetic pressures at different angles with
radial direction (inches oOf W&teri
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(Date: 17.1.1956. Discharge = 621 lbs./hour)
z DeSpe

(inch) rpm? -10° 0° 10° 20° 30°

0,025 0 0,076 0,083 0,078 0,066 0,051,
100 0,076 | 0,079 | 0.078 0,066 I 1,056
200 0,066 0,076 0,078 0,072 7| 0,063
300 0,061 0.076 0,079 0.078 14072
400 0,058 0.076 0,081 0,081 077

0,040 0 0,089 0,09 0,091 0.081 0,070
100 0,083 0,09 0.091 0,081 | 0,073
200 | 0,082 0,096 04097 0,08k, 0,078
400 0,080 0.09 | 0,100 0,095 0,089

0,065 0 0,112 04120 0114 010k 0,088
300 0410L 04119 0121 0.116 0.110

0,100 0 0,130 0.137 0.131 0.127 a.12|
100 04126 0,138 0,138 0,131 0,120 | |

06150 0 0.123 0,130 04130 0,120 Gl 10
300 0,123 0,130 04130 0,120 0.110
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