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EFFECT OF UPSTREAM DISTURBANCES ON THE RATE OF
HEAT TRANSFER FROM A SHORT SECTION OF HEATED PIPE

CHAPTER I

IN TRODU CTION

Tubular heat exchangers are widely used in industry
for transferring heat from one fluid flowing inside pipes
to another flowing outside them. One step in designing
tubular heat exchangers i1s the calculation of the tube side
heat transfer coefficient: A number of satisfactory equa=
tions have been presented for calculating this heat transfer
coefficient for flow in long sections of heated pipe.

Many of the usual equations, however, do not adequately
account for entrance disturbances, or the fact that only a
short section of a tube may be heated. Often heat exchangers
are built up of short tubes in which the length to diameter
ratio is small and therefore the heat transfer coefficient
varies considerably over the whole heated sections There,
also, may be applications in which extremely short sections
of the tubes will be heated and comparatively little infore
mation is available for predicting rates of heat transfer
from such short heated sections as affected by the upstream
disturbances and/or length of the heated section,

The present investigation deals with the rate of heat
transfer from a short section of heated pipe as influenced
by the rate of flow, length of heated section, and position
and shape of various types of entrance configurations,



There have been rather extensive theoretical studies
made of the rates of heat transfer at the point in tubes
where heat transfer begins by virtue of a stepwise change
in the wall temperature. These theoretical studies give
local and average heat transfer coefficients as a function
of heated length based on various assumptions covering the
mechanics of flow in the tube. Little experimental data has
been obtained for these systems,

The data obtained from the investigation served two
purposes

(a) It gave fundamental information on heat transfer
in short sections of pipe.

(b) It gave information by which the rate of heat
transfer in these sections could be predicted for
various types of entrances,

From this study it was possible on the basis of the

actual measurement of the heat transfer coefficlent to:

(a) Correlate the heat transfer data in terms of the
Nusselt number as a function of the Reynolds
number for the short heated sectlons studied,

(b) Correlate the heat transfer data for the various
types of entrances in terms of the variation of
the Nusselt number with the distance of the en=

trance from the heated section.



CHAPIER II

THEQRY AND PREVIOUS WORK

As a fluid flows past a solid surface which is at a
different temperature than the fluld, heat is transferred
between the boundary and the fluid. The rate: of heat trans=-
fer 1s proportional to the area of the solid boundary and
the femperature difference between the boundery and the
fluid, This may be expressed as

dq o< dAy (Ty = Tg) (1)
where dq: amount of heat transferred per unit time.
dAy,t area of solid over which heat transfer takes
place.
Tyt temperature of the solid surface.
Tgq: temperature of the fluid,.
Removing the proportionality constant one obtains
dg = hy dAy (Ty - Ty) (2)
where hy is defined as the local heat transfer coefficient
between the fluid and the boundary at the particular point
in question.

The value of the local heat transfer coefficlent is
influenced by a number of factors, namely:

(a) The physical properties of the flowing fluid,

(b) The rate of flow of the fluid.



(¢) The mechanism of flow of the fluid,

(d) The geometry of the system.

(e) The method of defining the temperature difference

(Ty - Tq),

As heat 1s transferred through a fluid, a temperature
profile exists in the fluld and a common definition of the
local heat transfer coefficient is based on Ty being the
bulk temperature of the flowing fluid. This definition 1s
employed in heat transfer in pipes. When heat transfer
occurs during flow over immersed bodies T is usually taken
as the temperature of the flowing fluid an infinite distance
from the surface.

Regardless of the mechanism of flow of the fluid a
thin film 1is considered to exist at the surface of the solid
boundary. In this film flow is laminar and heat transfer
through it is by molecular conduction alone. The rate of

heat transfer, therefore, may be expressed as:

dq N dew < gy! g (3)

where k: the thermal conductivity of the fluid.
y: the Glistance measured normal to the solid surface

and away from it.

( o 'r) is the temperature gradient in the fluid at the
o0Y/¥:=0

boundary. Combining equations (2) and (3) the local heat



transfer coefficient is expressed in terms of the temper-

ature gradient at the wall

el - - (“g"g‘)vm

The geometrical factors which affect the local coeffi-

(L)

cient in tubes are pipe diameter, distance from the inlet,
and distance from point of beginning of heat transfer., The
position of the inlet determines the degree of development
of the velocity profile while the position of the beginning
of heat transfer determines the development of the temper=
ature profile in the stream, At the beginning of heat
transfer, the heat transfer coefficient is infinite since at
this point the temperature gradient is infinite., The heat
transfer coefficient decreases beyond the point of beginning
heat transfer and becomes constant some distance downstream.
The length of pipe required is called the thermal entrance
length.

The mechanics of flow of the flowing fluid is deter-
mined by the flow rate and configuration upstream from the
heat transfer section.

By dimensional analysis, it is possible to derive the
dimensionless groups by which heat transfer data may be
correlated empirically. For heat transfer in a circular
tube the local heat transfer coefficient at given distance

x from the beginning of heating is a function of x, the tube



diameter D, the fluid velocity U and the fluid physical
properties such as density Var heat capacity cp,
viscosity 4« , and thermal conductivity k. A dimensional

analysis involving these variables results in

C
by D (P, p A, x] (5)
k = _AA k D
h, D
where 1~ : the local Nusselt number, Nu, .
k
nu /° t the Reynolds number, Re,

the Prandt number, Pr,

Pz
o

k

X the ratio of the distance from the
Ll beginning of heat transfer to the
pipe diameter.

Theoretical studies of the local heat transfer coeffi-

cient involve conslderation of the momentum, continuity
and energy equation for the fluid flow in the circular tube.
Solution of these equations with given boundary conditions
gives the velocity and temperature profile as a function of
the space and from this information the heat transfer co-
efficient may be predicted. Results of these analytical

studies may also be expressed in terms of the dimensionaless

groups defined above,



The temperature profile and hence the temperature
gradient at the wall is found from solutions of the energy
equation, For two dimensional incompressible flow the

energy equation is given by

uoT . vOT _ _k (321 4+ 0% T}(é)
ox T Y T Gp | 342 d ¥2

One of the simplest solutions of this equation is that

of Leveque as reported by Knudsen and Katz (7, P. 363=367).
The solution is based on the following assumptions:

(a) The fluid properties are constant.

(b) The surface temperature is constant at Tye

(¢) The undisturbed fluid temperature is To ¢

(d) Heat transfer is by conduction only.

(e) The fluid has velocity only in the x - direction

given by u - cy.

2 2
Neglecting the term 0% T in comparison with 02 T
0 x2 S ¥

equation (6) becomes
cy 3 T _ a o 2'1' (7)
oXx - o ?
where a - k , the thermal diffusivity
Cp 1°

The boundary conditions are:

(a) atx-oandy>0 T=1T_.
(b) at x >o0andy= o T = By



From the solution of the equation the expression for
the local heat transfer coefficient is

hy = /3 (8)

k < C
0.893 Sax
Defining the average heat transfer coefficient over a

heated section L. feet long as

he 1 SLniax (9)
[+

the following expression is obtained

hos .8k (= )1/3 (10)

For laminar flow in a circular pipe the veloclty
gradient is given by

d u - C . _lLu
ay)y:o h r;

where ry, is the pipe radius. Substituting this expression

in equation (10), the relationship becomes

" b (rAg)”

Te corresponding expression for the average Nusselt

(11)

number in dimensionless groups is

/3 1/3  1/3
Na- nD . 1.615 (Re) > (pr)> D (12)
B ok : ")

For turbulent flow in a circular pipe the velocity
gradient in the laminar sublayer is given by

du . 6 o BPUE
(—ai-)y ) 2 o
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where £ 18 the friction factor, Substituting this expres=

sion for C in equation (10), the relationship for h becomes

1.§ ( r/°02 1/3 (13)

In terms of dimensionless groups the corresponding

expression for the average Nussolt number is

1/3, 1/3
Nu g ( g ) R /( ) (1L)
For fully developed laminar flow in smooth circular
tubes the energy equation becomes
u 0T _ 1 o r 27 (15)
0 x ‘Ep,o [—i'_ ar ( ar)]
assuming radial symmetry.

One of the earliest solutions for this equation was
glven by Graetz. The solution has been reported in detail
by Jakob (5, P. L51-456) for constant wall temperature,
Sellars, Tribus and Klein (11) have considered other bound=
ary conditions and given values of constants and eigenvalues
to be used in the solutions.

For turbulent flow the eddy diffusivity of heat, £y, has

to be included in the energy equation which, then, becomes
wuorT _ 1 O [ r ] (16)
p /°

ox r or

This equation also assumes radial symmetry.
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Latzko (8) first gave an approximate solution of this
equation for a fluid with Prandtl number of unity. He cale-
culated values of & g from the assumed relationship

Eﬂ = 1,0 where £M is the eddy diffusivity of momentum

M
and may be calculated from the friction factor and the ture-

bulent velocity profile. The ratio -

H_ 1is designated

M
by o« + For the case of uniform wall temperature and
fully developed turbulent flow the expression for the local

heat tranasfer coefficient obtained by Latzko is

hy - (Rg;og?g [ 1 + 0.1 exp (-(:';z)g.zs])) + 0.9 exp
<- ‘Refg:g%;) - 0.023 exp <-(R°)21:96;)] (17)

From this Boelter, Young and Iverson (2) obtained the
following expression for the average heat transfer coeffi-

cient

+ 0.067 ( )0'25 ( )0'25 1
h=h 1 > R D D R 0. - 2.7L
¢ UORrE ™ B3 (AR

0.9 exp(- .2 L) 0,02 oxp(- 1,96 L (18)
t 35,27 o + 31t Redo Lo
r (Re)®+<°D : (Re)“"*“’D
In this equation h , 1s the value of the heat transfer co-
efficlent far downstream from the point where the heat

transfer starts and where the temperature profile has be-

come fully developed,
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The value of h,may be calculated from many existing
empirical equations. One of the most commonly used ones 1s

that of Dittus - Boelter as reported by Knudsen and Katz
(7, Ps 394).

hop D 0,023 (Re) 9+8 (pp)m (19)

The conditions for this eguation are:

(a) All fluid properties evaluated at the bulk teme

perature.

(b) Pr between 0.7 and 100,

(c) n = 0.4 for heating and 0.3 for cooling,

(d) Re > 10,000,

(e) L/D > 60,

It will be noticed that in all empirical correlations
of this type, the ratio L/D does not appear. Once the tem-
perature profile 1s established in the flowing fluid, the
heat transfer coefficient becomes constant. Only while the
temperature profile is developing (i.e:. for small L/D
ratios) does the heat transfer coefficient vary with the
L/D ratio.

Deissler (3) gave another solution of the energy
equation (16). The conditions he treated are:

(a) Uniform wall temperature, uniform initial teme

perature distribution, fully developed velocity
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distribution and constant fluid properties for
gases,

(b) Uniform heat flux, uniform initial velocity and
temperature distribution and constant properties
for gases,

(¢c) Uniform wall temperature, uniform initial velocity
and temperature distribution and constant prop-
erties for gases,

(d) Uniform heat flux, uniform initial temperature
distribution, fully developed veloclty distri-
bution and constant fluid properties for liquid
metals,

For each of these conditions Delssler calculated the
local Nusselt number as a function of _% with the Reynolds
number as parameter. In solving the energy equation
Deissler assumed that o« = 1l.0. He presented his results
graphically. For air there 1s very little difference be-
tween the local Nusselt number for the constant wall tem=
perature and uniform heat flux conditions.

Boelter, Young and Iverson (2) studied heat transfer
to alr flowing inside heated tubes with varlous types of
entrances. Among the entrance conditions considered were
bellmouth entrances, long (__g_ - 11.2) and short(_%_ & 2.8]
unheated calming sections and small Q%%_ - 1.715] and

o
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large (_%; - 1.267_] orifice entrances. The bellmouth
entrance gives a uniform temperature and velocity distri-
bution of the air at the entrance. The long calming section
gives a fully developed turbulent velocity and uniform tem-
perature profile at the beginning of heat transfer,

These authors found that their results for uniform
initial temperature and fully developed turbulent veloecity
profile gave values of hi that are 10 - 30 percent higher
than those predicted by Latzko's equation, (17). The
authors concluded that Latzko's equation is not very re-
liable. For all the entrance conditions they correlated
thelr results by means of a K factor defined by the equation

B = h‘b(i + K _%}_)

where K had a definite value for each configuration studied,

Sleicher and Tribus (13) obtained another solution of
the energy equation for fully developed turbulent flow. The
restrictions on the solution as given by these authors are:

(a) Fluid properties are constant,

(b) Mean velocity in axial direction is independent

| of angular position.

(c) Mean radial velocity is zero.

(d) Mean temperature at any radius does not vary with

time or angular position.
(e) Frictional dissipation of energy is negligible.



1l
In solving the equation the authors used values of o«
for any Prandtl number by multiplying Jenkins (6) values
with a factor such that agreement was reached with the exe

perimental results of Sleicher (12) for air. That is

o (Pr) - %s (air) g (Pr)
%3 (air)

where &« (Pr) is the value of &« for any Prandtl number used
by the authors in their solution and where “J is determined
from Jenkin's analysis and «g from Sleicher's experimental
measurements,

For uniform wall temperature they obtained the follow=-

ing expression for the local Nusselt number

A e -/\2
Nuy; - o 1 xp ( n2 %) (20)

where )‘h are elgenvalues, A, constants and x;, - 2 x

Re Pr D
These authors also given values of the first three
eigenvalues and constants for various Prandtl numbers and
pointed out that for _%_ S about four the first three eigene
values and constants give values of Nui which agree quite
well with experimental 4sata. For values of "';T Z four

more eigenvalues and constants are neededs At x = o the

local heat transfer coefficient should be infinite.
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Fowever, using only the first three eigenvalues and con=
stants a finite value of Nuy is obtained at x =o.
When x becomes large this equation (20) reduces to

2
N _ PN (21)
“1___2__2_._

The authors noted that for air values of the average
Nusselt number obtained from this expression agreed very
well with those obtained from the Dittus-Boelter equation
(19). They also noted that values of Nu; obtained assuming
uniform wall temperature were nearly the same as those obe
talned assuming uniform heat flux,

When a fluid flowing with an average velocity U in the
x dlrection and zero in the y and z directions encounters a
flat plate, a boundary layer forms adjacent to the plate,
The thickness of the boundary layer increases with increase-
ing values of x, Flow in the main stream may be turbulent
but the flow in the boundary layer is laminar. The boundary
layer and the veloclty profiles are shown schematically in
(Figure 1),

The energy equation (6) has also been solved for flow
over flat plates, Assuming a velocity distribution in the

laminar boundary layer of the form

3 = 1.5 _g__ -1/2 (_g_y (22)

where & 1s the thickness of the hydrodynamical boundary
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layer and assuming a temperature distribution of the same

form, the following expressions are obtained. (Knudsen and

Katz (7, P. LB81-483).)

Nu, = 0,324 (Rox)l/2 (Pr)l/3 (23)
Ny, = 0.648 (ReL)l/2 (Pr)l/3 (2L)
In these equations

Nu, _ hy x the local Nusselt number for

, Tk flat plates,
Re, - xU <~ the local Reynolds number for

£ flat plates,
Nu, . h@L the average Nusselt number for
“k

flat plates,
Rey, . LUZ the total Reynolds number for
“ flat plates,
The conditions for the solution are
(a) Uniform wall temperature.
(b) Pr > 0.6,
(¢) Rey ( 300,000,
(@) Fluid properties evaluated at 0.58 (T, = T )+T,
(e) Heating starts at leading edge.
If heating starts at a distance x, from the leading

edge equation (23) should be multiplied by the factor

(@™ ]
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As the lamlnar boundary layer increases in thiclkness
it becomes unstable and the flow in it becomes turbulent,
Bowever it 1s assumed that a laminar sublayer exists adja-
cent to the wall, This is shown in (Figure 1).

Using a velocity distribution of the form

L __.(___51_)1/7 (25)
and a temperature distribution of the same form in the turbue-
lent boundary layer the following expressions for the local
and average Nusselt numbers are obtained (Knudsen and Katz
(7, Ps L85).)

Nu, = 0.0292 (Rey) u/5 (26)

1l

Nu;, = 0,0366 (Rey) L/5 (27)

These equations are vallid under the following condi=-
tions:
(a) Boundary layer turbulent over the whole plate.
(b) Heat transfer starts from the leading edge and
takes place over the whole plate,
(¢) Flulid properties evaluated at

T -(0.1 Prlo ) (Tn- %)

(d) The wall temperature is constant,

(e) Pr = 1.0,

The erfeét of Prandtl number can be included by use of
Colburn's analogy. The equations (26 and 27) should be



19
multiplied by (Pr)l/B. They then become valid for Pr > 0,6,

Bckert (lp, P. 118) gives expressions for corrections to
be applied to these equations if the boundary layer over the
plate 18 both laminar and turbulent and if heating does not
start from the leading edge.

The energy equation for turbulent flow heat transfer in
pipes has been solved graphicelly by Longwell (10). The
author, after transformation of coordinates, writes the two
dimensional energy equation in a difference form and solves
it graphically by a Schmidt type construction,

He wrote the energy equation as

°0¢_ _ £y (r) __23_[f2 (r) 94’] (28)
or o r

S X

where ¢ - T « Ta . For turbulent flow in a pipe tl (r)=
T
a

u::- and 1‘2 (r) = »p &y where §; is the total thermal diffu-

sivity, £H —+ k
C

ﬁ
A new variable, w, was defined by dw = = dr =
T, (r) -

- - dr __, A new function of w, r3 (w) was introduced as
€5

follows:

£300) o f1(r) 1
£, (r) e
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Substituting these in the energy equation it becomes

—%%-=f3‘"’(—‘-§%;) (29)

Like the two dimensional heat conduction equation, this
equation can be solved by a Schmidt - type graphical method,
However, in this case the finite increments in x and w are
not independent but are constrained to satisfy the relation-
ship

2 (Ax) 3 (Yn) _ 1 (30)
(awn) (vha)

where the subscript n refers to the nth increment in w .
An example showing the use of this method is given in

appendix (1),
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CHAPTER III

EXPERIMENTAL APPARATUS

The major components of the experimental apparatus were
the lucite pipe with the test section, various types of en-
trance configurations, the power source and the heating ele-
ment, thermocouples and the e.m.f. measuring equipment and
the air source,

A flow diagram of the apparatus used is shown in

(Figure 2).

l, Lucite Pipe and Test Section
The test section consisted of a short length of copper

pipe located between two sections of lucite pipe 1 inch I.D.
and 1-1/2 inch 0.D. The test section was located about 50
diameters downstream from the entrance to the lucite pipe.
Two different lengths of test section, one 2 inch and the
other 1 inch, were used in the experiments, The test sece
tions were made from a 1-3/l inch diameter copper bar of the
appropriate length. A 1 inch hole was drilled through the
center, perpendicular to the radial axis, and L 1/32 inch
holes were drilled on the circumference to within 0.1 inch of
the inside surface., Iron-constantan thermocouples were
located in these holes, The test section was held between
the lucite pipe sections by flanges as shown in detail in
(Figure 3). When the 2 inch test section was used, 1/16
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inch rubber gaskets were used to separate the test section
from the lucite pipe. No gaskets were used with the 1 inch
test section, After securing the test section in place it
was honed to take out any discontinuities at the junction of
the copper section and the lucite pipe. The test section
was covered by a lucite box packed with vermiculite insulae
tion to prevent heat losses, Aftér the test section the air
passed through 10 diameters of 1 inch I.D. lucite pipe and
discharged into the atmosphere,

A dlagramatic sketch of the test section is shown in
(Figure 3).

2, Types of Entrance Configurations

Two types of disturbers - nozzles and sharp-edged
orifices - were used in the entrance section. The nozzles
were made from 1/2 inch thick lucite and the orifices from
1/8 inch.lucite. In the experiments conducted with the 2
inch test section both orifices and nozzles with diameters
of 1/2 inch and 1/ inch were used, while with the 1 inch
test section only the 1/2 inch nozzle was used.

The disturbers were machined so that they fitted snugly
in the lucite pipe. The disturber to be used was placed in
the entrance section of the pipe and pushed to the desired
position in front of the test section by a long smooth rod,

Pressure was applied on the pipe at this point by means of a
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clamp, Lucite compresses slightly and clamping the pipe
squeezed it enough to hold the disturber securely in place,

3. _Power Source and Heating Element

Heat to the test section was supplied by passing current
through a 30 ga, enamelled nichrome resistance wire wound
around the copper section. Power to the resistance wire was
supplied by a source consisting of a voltage stabilizer and
a selenium rectifier with an input of 115 volts 60 cycle A,C,
and output of 130 volts D.C. The current to the resistance
wire was adjusted by a varlable transformer, The voltage
drop across the resistance wire and the current through it
were measured by a Weston Voltmeter and Ammeter with ranges
of O¢l50 volts (Scale: 1 division = 1 v.) and 0-1,0 amperes
(Scale: 1 division = 0,001 amp,) respectively. A wiring
diagram is shown in (Figure lL).

g. gomocougles and E,M.,F. Measuring Equipmen t

Iron-constantan thermocouples were used to measure the
temperature of the incoming air and at different points on
the test section. The thermocouple positions in the test
section are shown in (Figure 3) and a wiring diagram of the
thermocouple system is shown in (Figure 5). The cold junce

tion was placed in cracked ice to maintain a temperature of
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32° F, fThe voltage generated by the thermocouples was mea=
sured by a Leeds & Northrup Adjustable Zero, Adjustable
Range Speedomax recorder., Tables given in the "Standard
Conversion Tables for Thermocouples" (9, P, 6) were used to
convert the voltage readings to the corresponding temper-

atures,

5, Air Source

A Roots type air blower with a rating of 280 c.f.m, at
3-1/2 p.s.i.g. was used to supply the air. After coming out
of the blower, the air was cooled by water in one tubular
and two finned tube box type coolers. The air then passed
through a sharp~edged orifice used to measure its flow rate,
The pressure drop across the orifice was measured by a mano=
meter containing a fluid of 0.83 specific gravity., Ambrose's
(1, P, 166) calibration curves for the orifices were used,
The calibration was checked with a gas meter. It was found
that the flow rate calculated from the orifice manometer was
about 3% more than the flow rate read on the meter. An
appropriate correction was made in the calculations. The
pressure at the orifice was measured and it was assumed that

the pressure at the test section was atmospheric.



CHAPTER IV

EXPERIMENTAL, PROCRAM AND PROCEDURE

Data were taken for two different lengths of the test
section, both with and without disturbers in the entrance
section. The maximum flow rate obtained was governed by the
maximum pressure drop permissible across the apparatus and
the minimum Clow rate was governed by the desired accuracy
in reading the orifice manometer deflection at low pressure
differentials.

Table (1) glves a resume of all the data taken. It
glves the Reynolds number range studled for all the disturb-
ers and test sections. It also gives the disturber posi-
tions studied. This position gives the distance between the
downstream end of the disturber and the upstream end of the
test section and 18 given the symbol £ .

70 calculate the flow rate, the orifice size, the
orifice manometer deflection, the pressure at the orifice,
the alr temperature and the atmospheric pressure were needed.

The steady state temperature of the test sectlon was
read by the thermocouples at the positions shown in
(Figzure 3). An average of the four readings was used as the
average wall temperature of the test section., The heat

transfer coefficient was calculated by an energy balance



TABLE 1

Summary of Experimental Program

Group No. Test Section Re range Disturber Disturber Position, L,in.

1 2 inch 12,000 = 100,000 None

2 2 inch 11,000 - 23,000 1/} in.Nozzle O, 1/2, 1,3, 5, 7, 12
3 2 inch 12,000 - 70,000 1/2 in.Nozzle O, 1/2, 1,3, 5, 7, 12
i 2 inch 11,000 - 23,000 1/l in.Orifice O, 1/2, 1, 3,5, 7, 12
5 2 inch 12,000 - 70,000 1/2 in.Orifice 0, 1/2, 1, 3,5, 7, 12
6 1 inch 11,000 - 100,000 None

7 1 inch 1),000 -« 70,000 1/2 in.Nozzle 1, 2, 3, 5, 7

(113
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over the heat transfer area. The equation used was
Q= hay (T, - T,) (31)
The heat transferred, q, was calculated from the current
passing through anmd the voltage drop across the resistance
wire,
An example of the original data sheet is given in Table
(2). All the quantities required in the calculations are

noted in it. A sample calculation is shown in appendix 3.

Procedure

In making a run the following procedure was followed:

(a) Cracked ice was placed in the thermos flask and
the cold junction of the system immersed in it,

(b) Cold water was suppllied to the coolers.

(¢) T™e bypass valve was completely opened and the
valve to the test section closed.

(d) The blower was started and the required flow rate
through the test section was obtained by adjuste
ing the valve controlling the flow to the test
section,

(e) The temperature recorder was adjusted to zero.

(f) After about five minutes the temperature of the
incoming air was recorded. The barometric pres-

sure was recorded,



SAMPLE DATA SHEET

TABLE 2

2 inch Test Section. 1/2 inch Nozzle. Group 3
AH - Tl T2 '1"_,3 I V-
1 1,18 75,2 129.6 130.6 129.9 5 147 0O.216 55.3
2 2,23 73.7 128.1 129.6 128.3 .5 1lh.7 0.276 62.8
3 h.l9 T70.4 128 129.6 129.2 5 1lhe7 04310 T71.0
h 7.07 67.6 127.5 129.7 128.6 «3 1h.7 0.349 80,0
5 11.0 65, 129.,5 130.5 129.6 3 1h.7 0.382 88.0
6 18.8 63.1 127.7 129.5 129.2 .0 1h.7 O.h25 98,0
7 28.0 61.5 127.9 129.5 128.9 «9 1h.7 0.458 105.5
8 1,20 74.5 128, 129.1 128.%5 6 1lh.8 0.267 60.6
9 2.37 71.8 129.9 130.9 130.3 1.8 0.306 69.9
helli 69.6 128.8 130.0 129.0 4.8 0.337 77.1
7.02 67.6 128,7 129.8 130.2 14.8 0.380 85,0
11.1 65.5 130,0 130.7 130.2 1h.8 0.409 94.8
18,5 63.1 - 128.,7 128.6 14.8 0.439 101.0
27.6 61.5 et 129.8 130.1 1“».8 0.1‘.79 111.0
1:3 75. 128.,8 129.5 128.L Ih.7 0.268 60,8
2.22 T73.0 129.7 130.8 129.5 1.7 0.300 68.8
Lhel5 70,0 129,5 130,5 130.0 1.7 0.333 6.6
6.52 68.9 128, 129.7 129.3 14.7 0.367 3.6
10.9 65.L 126.0 128.5 129.1 14.7 0.399 91.0
18,5 62.1 126.5 128.3 128.6 1.7 0.439 100.8
27.9 61.0 127.2 128.5 128.5 1h.7 0.473 109.0

(43
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The current through the wire around the test
section was started. It was adjusted by the
variable transformer to get a temperature of
125-130% F in the test section,
When the temperature in the test section had been
steady for five minutes, the e.m,f. readings from
all the thermocouples was recorded,
The anmeter and voltmeter readings were noted,
The current through the resistance wire was shut
off,
The manometer and the pressure gauge readings were
recorded,
The flow through the apparatus was adjusted to a
new valve and the procedure from (e) to (k) was
repeated for this new flow rate,
After all the data for all the flow rates required
had been taken the valve to the test section was
closed and the by-pass valve opened,

The blower was shut off,

About 20 minutes to half an hour were required for

steady state conditions to be attained at each flow rate,
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CHAPTER V

CALCULATION OF DATA

The heat transfer coefficlent was celculated by a
simple heat balance over the heated copper section. Under
steady state conditions all the heat generated in the re=
sistance wire 1s removed by the air flowing through the
pipe assuming no heat loss to the lucite pipe or through the
vermicullte insulation. Assuming a constant temperature,
1;. of the copper pipe wall, the average heat transfer co=-
efficient 1s obtained by the'following expression

q = hA, (T, - Ty) (31)
The heat input, q, was calculated by measuring the current
through the resistance wire and the wvoltage drop across it.
The temperature, Tys was measured by thermocouples embedded
at various positions in the copper as shown in (Figure 3).
It was found that the maximum variation in the temperature
read from the four thermocouples was 2° F, The wall temper=
ature, T;, was taken as the average of ghase four thermoe
couple readings. The rise in temperature of the air going
through the copper section was insignificant so the bulk
temperature, Ta' was taken as the temperature of the income
ing air,

The maximum error in measuring the average heat transe
fer coefficient can be found by differentiating equation
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(31). This error is given by

Au(Ty = Tq) Ay (Ty - Ty)2

It is assumed that the error in measuring the area of heat
transfer, Ay, is negligible. In most cases T, = T, was 60°
F. and when q was 50 B.T.U./hour, h was approximately 20
B.T.U.,/hour square feet® F. The error in measuring q was *+
2% and that in T, - Tq was about + 1,5%. Substituting these
values in equation (32) the maximum error in h, dh, was
found to be about 0.83 B.T.U./hour square feet® F, This is
equivalent to an error of about t L.5%.

The flow rate was calculated by noting the pressure dif-
ference across a sharp edged orifice placed before the ene
trance section. Ambrose's (1, P. 166) calibration for the
orifice manometer was used. Ambrose plotted k = Q/-/:o//’e
against the manometer deflection for the orifices used. In
the expression o i1s the density of the air at the orifice,

p e the density at the test section and Q the flow rate in
cubic feet per minute measured at 60° F. and one atmosphere
pressure., It was assumed that the pressure at the test sece
tion was atmospheric. The pressure at the orifice was read
from a pressure gauge and the corresponding dead welght pres-

sure found from the calibration curve given by Ambrose
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(1, P, 167). The Reynolds number was calculated from the

flow rate, Q, by the expression
Re — _DU/° _ (60) (D) (7°60) (_g_ _ _BQ (33)
A A ) -

A e P

where B is a constant,

The manometer calibration curve 1s such that a maximum
error of + % in reading the manometer deflection gives only
a + 3% error in the flow rate and hence in the Reynolds
number,

A sample calculation is given in appendix 3.
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CHAPTER VI

ANALYSIS OF DATA

A summary of the complete experimental program is given
in Table (1),

All the data taken for runs without any disturbers were
correlated by nlotting the Wusselt number against the
Reynolds number on log log coordinates. These plots are
shown in Figure (6) for the 2 inch long section and Figure
(7) for the 1 inch section. Also plotted for purposes of
comparison are the analytical results of Latzko (8), Deissler
(3) and Sleicher and Tribus (13) and the experimental re=
sults of Boelter, Young and Iverson (2).

Latzka's equations are for a Prandtl number of unity
and the results obtained from his equation (18) for fully
developed turbulent flow and uniform wall temperature have
been mul tiplied by the factor (<l>_:70%)°~3. This makes the re=
sults valid for the alr used in the present investigation,
Deissler (3) plots his equations giving the local Nusselt
number for various Reynolds numbers. From these the average
Nusselt number is found by graphical integrations The aver-
age Nusselt number is also calculated by graphical integra=-
tion from Sleicher and Tribus's equation (20), Sleicher and
Tribus suggest that with only the first three eigenvalues
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and constants which they glve, thelr equation should be used
only for L/D D> about L. Boelter, Young and Iverson (2) give
their results for the required conditions in graphical form
and the Nusselt numbers are obtained from the appropriate
figures,

On Flgures (6) and (7) the Dittus-Boelter equation for
heating (19) is also shown. The equation for heat transfer
from flat plates (2}) and Leveque's solution of the energy
equation - (1L) are plotted also,

It is seen that for the 2 inch heating section the ex-
perimental data fall on a straight line (Figure 6). Enough
points were taken to obtain the equation of this line by
least square analysis of the data points. The calculations

are shown in appendix (3) and the equation obtained was

Nu = 0.343 (Re)o'glﬂ (34)

The conditions for this equation are

(a) Reynolds is between 12,000 and 100,000,

(b) Pr = 0.73

(¢) L/D - 2.0

(d) Constant wall temperature and fully developed
turbulent flow.

If the Nusselt number is plotted against L/D with

Reynolds number as a parameter, the curves obtained will be
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of the type shown in Figure (8). These curves are similar
to those obtained by Deissler (2). The asymptotic value of
Nusselt number for each Reynolds number 1s that predicted by
the Dittus-Boelter equation (19), This means that for large
values of L/D, the Nusselt number is proportional to (Re)°°8.
On the other hand the Nusselt number becomes very large for
small values of L/D and in the limit the Wusselt number ap-
proaches infinity as L/D approaches zero. This is explained
by the fact that the temperature gradient at the entrance of
the heat transfer section is infinite. This means that for
extremely small values of L/D, the Nusselt number should be-
come independent of the Reynolds number. In between these
two 1limits the dependency of the Nusselt number on the
Reynolds number increases with increasing L/D and in the
limit becomes proportional to (Re)o'8 and independent of
L/D. ‘This means that the slope of the plot of log Nu
against log Re with L/D as parameter should increase with
L/D until it becomes constant at 0.8 for large values of L/D,

However this slope should be a function of the Reynolds
number itself. From Figure (8) it is evident that for low
Reynolds numbers the asymptotic Nusselt number 1s reached
at comparatively large L/D ratios while for high Reynclds
numbers the asymptotic value is reached at comparatively

low L/D ratios. So when log Nu is plotted against log Re
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for a particular L/D value a curve will be obtained such
that its slope increases with the Reynolds number until the
curve coincides with the Dittus-Boelter equation at large
values of Reynolds numbers,

The slope obtained by plotting log Nu against log Re
for the 2 inch heating section is 0,547 In this case the
variation of the slope with the Reynolds number is discern=
ible only at the lowest Reynolds numbers obtained: Probably
the range of Reynolds numbers covered is not large enough
to observe an appreciable change in slope. The slope obtain-
ed is slightly less than that obtained by plotting the re=
sults of various other workers. It is seen that the present
results obtained agree with those of the other workers refer-
red to above in the Reynolds number range of 2.5 x 104 to
3.3 x 101'-. Above this Reynolds number the Nusselt numbers
glven by the other workers become progressively greater than
those obtained in the present experiments.

An interesting comparison of the experimental data with
the flat plate energy equation (2l) can be made« For heat
transfer from a flat plate the Nusselt number is proportione
al to (Re)o's while from the experimental data obtained it
is seen that for the 2 inch heating section the Nusselt
number is proportional to (Re)o'slﬂ. This suggests that the
2 inch heated section behaves somewhat like a heated flat
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plate. It is possible that a discontinuity between the

copper and the plastic pipe existed because of improper
honing. Possibly the copper section diameter even after
honing remained slightly smaller than that of the plastic
tube., This difference in diameters would introduce a dis=-
continuity in the surface at the junction an? a new laminar
boundary layer would build up at the upstream end of the
heat transfer section. The boundary layer over a flat plate
immersed in a flowing fluid forms in the same manner. So it
is likely that the Nusselt number would vary with the Rey-
nolds number in the same manner in both cases.

For the 1 inch heating section it is seen that the slope
of the plot of log Nu against log Re increases with the
Reynolds number (Figure 7). This substantiates the analysis
presented above. The equation of the straight line portion
of the curve was obtained by least squarc analysis of the
data points, The calculations are shown in appendix (3) and
the equation obtalined was

Nu = 0.328 (Re)0+580 (35)

The conditions for this equation are:

(a) Re between 27,000 and 100,000,

(b) Pr = 0.73.

(¢) L/D = 1.0

(d) Constant wall temperature and fully developed tur-

bulent flow.
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In Figure (7) the results of two other workers for 1
inch heated sections are also given. For this L/D ratio
also the slope obtained is slightly less than that obtained
by the other workers. However the difference in slopes is
less than the corresponding difference obtained for the 2
inch heated section.

As noted above Deissler's results were integrated graph=
ically to obtain the average Nusselt number. There is an ex-
tremely large variation in the local Nusselt numbers in going
from L/D = 0 to L/D = 1.0 and so the integration is not
likely to be accurate. So for L/D = 1.0 it can be concluded
that the average Nusselt numbers obtained from Deissler's re=-
sults are not accurate. The same can be sald for Boelter,
Young and Iverson's data. 7Their first point for calculating
the local Nusselt number is at x/D = 0.5 and the second is at
x/D = 1.0, With only two points the curve for the variation
of the local Nusselt number with x/D would not be very accur-
ate between x/D = 0 and 1.0. Hence the corresponding inte=~
gration performed by Boelter, Young and Iverson to obtain
the average Nusselt number would not be accurate for L/D =
1.0. Boelter, Young and Iverson's results show no change in
slope between the lines for the 2 inch and the 1 inch heate

ing sections. However according to the analysis given above
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a change in slope is to be expected., Sleicher and Tribus's
equation (20) cannot be used for L/D = 1.0 as not enough
eigenvalues and constants are given.

The 1 inch heating section was honed very thoroughly to
assure that there was not discontinuity at the junction of
the copper section and the plastic tube. So in this case
the velocity profile in the heated section is certainly that
of fully developed turbulent flow and no new boundary layer
built at the leading odgé of the heating section,

Longwell's (10) numerical method i1s quite lengthy and
involved so the Nusselt number was calculated only for one
Reynolds number. For Re = 3),000 the Nusselt number cal-
culated by this method for the 2 inch heating section was
135 and for the 1 inch heating section it was 178, The cor-
responding values obtained from the present experiments are,
respectively, 105 and 139. Longwell's method is based on a

-—

knowledge of the total conductivity of heat, EH, as a funce-
tion of the radius. Considering that values of EH are not
known accurately near the pipe wall, the results obtained by
Longwell's method are in good agreement with the experimen-
tal results. If values of EH are known accurately near
the wall this method should give fairly accurate results

for small L/D ratios.
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The effect on the Nusselt number of placing nozzles and
orifices at various distances in front of the heated section
was also studled. A resume of the size of the nozzles and
orifices studied is given in Table (1l). The results are
shown in Figures (9, 10, 11, 12) where the Nusselt number
is plotted against the Reynolds number for various configu-
rations,

It 1s seen that in all cases the slope of the lines is
the same as the corresponding plot without any disturbers
when the distance of the disturber upstream from the copper
section was 2 1 inch for the 2 inch heating section and

2 2 inches for the 1 inch heating section. When the dis-
turber was placed flush with the copper section the slope
obtained was the highest and it decreased with the distance
from the test section becoming constant at the distances
given above for the two test sections.

Where both the orifices and the nozzles were used the
Nusselt numbers obtained with the orifices were slightly
higher than those obtained with the same size nozzles for
the same Reynolds numbers., Also for a particular distance
away from the heating section the smaller disturber sizes
give higher Nusselt numbers than the corresponding larger
disturber, The variation of Nusselt number with the distance
of the disturber from the test section for a Reynolds number

20,000 is shown in Figure (13). Only those positions where
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the slope of the line is the same as that obtained without
the disturber are considered. It is seen that for the 12
inch position the disturber has no effect on the Nusselt
number., At some distance, dc, between 7 and 12 inches the
effect of the disturber becomes negligible and placing it at
a distance greater than this does not have any effect on the
Nusselt number,

The curves shown in Figure (13) can be represented as

a straight line having an equation of the following form

1 _ b (36)
Nu, - Nu 1?- *

where Nu, is the value of the Nusselt number obtained by
extrapolating the curves in Figure (13) to ¢ = 0. The cone
stants g and b were determined by plotting 1 against
l . Table (3) shows the values obtained for“ott:e};: con=-
stants and for Nu,. The straight lines obtained are shown
in Figure (14). The equations obtained are valid only for
values of / between 1 inch and (o for the 2 inch heating
section and 2 inch and (c for the 1 inch heating section,
The plot of the equation between these regions is shown by
a solid line in Figure (1l).
For purposes of comparison Boelter, Young and Iverson's

resul ts for the following entrance conditions are also shown

in Figures (11, 12).



TABLE

Constants for Equation (36) at Re = 20,000

Test Section Disturber Nu, gx 103 b x 103
2 inch 1/L in. nozzle 322 9.7 2.7
2 inch 1/2 in. nozzle 210 21.8 L.8
2 inch 1/l in. orifice 333 9.7 2.7
2 inch 1/2 in. orifice 222 17.7 L.6
1 inch 1/2 in. nozzle 351 10,0 2.9

€39
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(a) Short calming section éﬁ) = 2.8
(b) Large orifice at entrance D/Dy, = 1,265
(¢) Small orifice at entrance D/Dy = 1.715

It is not known whether the orifices were placed flush
with the heating section or a few inches away from it. How-
ever, probably both were placed the same distance away from
the entrance to the heating section. These D/D° ratios are
less than those used in the present experiments. It is seen
that for both 2 inch and 1 inch heatings sections at any
fixed Reynolds number there is very little difference in the
Nusselt number obtained with either of the orifices used in
the above reference,

Boelter, Young and Iverson's results show that for both
orifices the Nusselt number for one Reynolds number increas-
ed with L/D reaching a maximum and then decreased for any
further increase in L/D. For the large orifice this maxi-
mum was reached at L/D of about 2 and for the small one at
L/D of about lj. The authors explained this by saying that a
small region exists immediately downstream of the orifice
in which the fluid adjacent to the wall is stagnant,

No such results are obtained for the 1/2 inch nozzle
which has been tested with both the 2 inch and the 1 inch
heating sections. It is seen that the Nusselt number ob=

tained with L/D = 1 is always greater than that obtained
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with L/D = 2 for the 1/2 inch nozzle placed at equal dis-
tances away from the heating sectlon.

The increase in the Nusselt number obtained by placing
a disturber in front of the heated section can be explained
by the resulting flow pattern. The disturber provides a
sudden expansion and causes considerable turbulence in the
emerging air. This gives rise to eddies in the region adja-
cent to the pipe wall. At a short distance downstream of
the disturber the eddies die out and a laminar boundary
layer starts building up and about 8 - 10 dlameters down-
stream the flow becomes essentially fully developed turbu=-
lent flow, This distance is the distance £, mentioned above.

The presence of eddies conslderably increases the
amount of heat transferred. When the test section is imme-
diately downstream from the disturber the heat transfer takes
place in the presence of eddies and hence a high Nusselt
number is obtained. As the disturber is moved further from
the test section, there would no longer be extreme turbulence
at the test section and a laminar boundary layer would be
forming. Both these phenomena contribute to the decrease in

the Nusselt number as ¢ increases,
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CHAPTER VII

CONCLUSIONS

As only two different length of heated section to pipe
diameter ratlios were studied no empirical expression for the
effect of this ratio on the average Nusselt can be given.
However for L/D = 2 the experimental data obtained could be
related by the expression

Mu = 0.3L3 (Re)?+5H7 (3L)
Thls relationship holds over the Reynolds number range
12,000 < Re < 100,000, Below this range a plot of log Nu
versus log Re appears to become curved, i.e. the slope of
the 1line 1s also a function of the Reynolds number.

As pointed out in the previous chapter there is a pos=
sibility that a discontinuity existed at the Juﬁction be=
tween the copper section armd the lucite pipe. On the other
hand the data obtalned is very consistent in itself and
studies of more L/D ratios are needed for a more complete
understanding of the problem.,

The slope of the line obtained from the above equation
by plotting log Nu versus log Re is slightly less than the
corresponding slope obtained for the 1 inch heated section,
According to the analysis presented in the previous chapfer

the slope should increase with L/D ratios reaching a maximum
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of 0,8, This difference however 1s small. Large differ-
ences in slope may not be detected until very short sec-
tions are encountered.

For the 1 inch heating section the plot of log Nu ver=-
sus log Re is curved up to a Reynolds number of 27,000, Be-
yond this point the line 1s stralght and can be expressed by
the relation

Nu = 0.328 (Re)?+580

(35)

This relationship holds over the Reynolds number range
27,000 £ Re < 100,000, The change in slope of the plot of
log Nu versus log Re as Reynolds number changes is as ex~
pected and was detected only slightly for the L/D ratio of
2. For the L/D = 1 case the section was honed very thor=
oughly and it is certain that no discontinuities existed at
thhe junction of the copper section and the luclte pipe.

The data thus obtained from this work can be used to
predict values of the Nusselt number for any Reynolds number
within the range of Re = 12,000 to Re = 100,000 for L/D
ratios of 1 and 2 and for Pr = 0.73. Further work 1s needed
to determine the effect of L/D ratios,

The effect of placing nozzles or orifices in front of
the test section can be predicted by an expression of the

form
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i - & L Db (36)
U, - Nu £

where Nu,, g and b are constants obtained as explained in
the previous chapter. Values of these constants obtained
for the various entrance configurations and test sections
studied are given in Table (3). An expression of this type

can be obtained for any Reynolds number required.
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CHAPTER VIII

RECOMMENDA TIONS

In conducting this study several interesting facts have

been noted and investigations along these lines are pro=-

posed:

(a)

(b)

(c)

One of the main objects of the present investie
gation was to study the effect of the ratio of the
heated section length to pipe diameter on the heat
transfer coefficient. Along these lines two
ratios were studied. It is recommended that more
ratios be studied with particular emphasis being
laid on ratios less than one. For these small
ratios the data available is not adequate,

Another line of investigations proposed is the
study of the effect of various other types and
sizes of entrance configurations on the heat
transfer coefficlent,

In the present study only one fluid, air, was
used, A similar study employing various other
fluids would yield information on the effect of
the Prandtl number on the heat transfer coeffi=-

cient,
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Tt has been noted previously that Longwell's (10)
graphical method would give reliable results,
However his method 1s very lengthy. A study on
programming of a computer for solving the energy
equation by Longwell's method could be made. Use
of a computer would save a considerable amount of

time in using Longwell's method.
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CHAPTER IX

NOMENCLA''URE

The fundamental dimensions are represented by the

following letters:

F : Force
L ¢ Length
m ¢ mass
: time
T ¢+ Temperature
Symbol Meaning Dimensions
a Thermal diffusivity, k 12/%
Cp,o
Ac Area of cross-seci’ : ¢f the tube L2

.UOOU':P :

>

Area of surface over which heat transfer L2

takes place

Constants used in Equation (20) None

Constant used in Equation (36) Variable

Veloclty gradient

=1

Specific heat of the fluid at constant FL/mT

pressure
Inside diameter of pipe L
Nozzle or Orifice Diameter L

Friction factor

None



f1,f> Function

f3

Constant used in Equation (36)
Average heat transfer coefficient
Local heat transfer coefficient
Deflection of orifice manometer
Current supplied to resistance wire
Thermal conductivity of the fluid

Distance of disturber from entrance to
test section

Total length of test section

Heat supplied to test section

Alr flow rate, cubic feet per minute
measured at 60° F, and 1 atmosphere

pressure

Radial distance measured from the center
of a pipe

Radial distance toc the pipe wall measured
from the center of a pipe

Time
Temperature of the fluid
Bulk temperature of the entering fluid

Temperature of the surface from which
heat transfer takes place

Temperature of the undisturbed stream

Velocity of the fluid in the x direction

63

None
F/LtT
F/LtT

Amperes
F/tT

FL/t
LB/t

L



m
s o1

m
|

ﬁ\\:sy

Pimensionless veloclty parameter

Average velocity of undisturbed flowlng
stream; average velocity in a pipe

Velocity of the fluid in the y direction

Voltage drop across the resistance wire

New variable introduced in the graphical
solution of Equation (10), the energy

equation, 5” d(ry - r)
rw r{H

" Cartesian coordinate; distance from the

point of beginning heat transfer

Cartesian coordinate; distance measured
normal to the solid boundary '

Ratio of the eddy diffusivity of heat,
€g, to the eddy diffusivity of momen-
mﬂ, SH

Thickness of hydrodynamical boundary
layer

Eddy diffusivity of heat
Total diffusivity of heat
ddy diffusivity of momen tum
Eigenvalues

Viscosity of the fluld
Density of the fluid

Dimensionless temperature, (T, = T)/
(Ty - )

bly
None

L/t

L/t
Volts
t/L2

None

None



Nu

L

L/

Ay

Pr

Re

Re

ROL
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Dimensionless Groups:
Average Nusselt number, hD
Kk
Local Nusselt number, hy D
k

Total Nusselt number for flow over flat plates,

hL
k

Local Nusselt number for flow over flat plates,
hyx

&

Prandtl number, Cp‘/u
—

Reynolds number, DU/

Local Reynolds number for flow over flat plates,
xU R
A

Total Reynolds number for flow over flat plates,

'
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APPENDIX I

CALCULATION OF /HE NUSSELT NUMBER FROM
OTHER WORKERS DATA AND EQUATIONS
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LONGWELL'S GRAPHICAL MEIHOD

To calculate the Nusselt number by the numerical method
developed by Longwell the outline given in his article (10)
was followed, The Nusselt number was calculated for a
Reynolds number of 3}, 000,

First the veloclty profile in the pipe was calculated,
The following equations were used to calculate the point

velocities:

8l = y+ for y+ 5

ut = 5,0 iny* -3.05 5yt 30

ut' = 2.5 1ny* + 5.8 vy© > 30
where u - u and y* = Re 4

Ttz o

In these expressions u is the point velocity and U the aver=-
age velocity.
The following expressions were used to calculate the

total diffusivity of heat, £ H ¢

5}1 = Efl'f a

E:H = &
Values of & were taken from Sleicher (13). At the Reynolds
number used

1.4 for y £ Lo
= 1.3 for L0 Lyt L 100
« = 1.8 for y* > 100

R
)
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The eddy diffusivity of momentum, £ ms Was calculated from

the equation given by Knudsen and Katz (7, p. L37).

(X)é€m - 1-y*/m .
p) du */ay” :

where R - Re %

2

The derivatives were found from the velocity profile
equations given above. However this equation gave a value
of £ and hence £y equal to zero at the center of the pipe.
It is known that the eddy diffusivity at the center 1s not
zero 80 the total diffusivity was extrapolated near the
center of the pipe. This extrapolation is shown by a dotted
line in Figure (15) where the total diffusivity of heat 1is
plotted against the radius,.

The function r3 (w) was calculated by use of the ex=-

pression f3 (w) = 1 . The new variable, w, was found
ur? £H

by graphical integration of the equation dw = d(Tw = ) o
r €y '
The results are tabulated in Table (L). In this Table the
point velocities and the total diffusivities are also given.
To obtain the appropriate intervals in w to be used in
the final graphical solution the function r3 (w) was plotted
against the variable w (Figure (16)). At the minimum in

this curve 1t can be assumed that &w, ., = Aw, _; 80
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equation (30) becomes

(Qwy 2102 = 2 (Ax) £5 (wy) (37)
A value of A x is assumed and the initial interval,
AOwy, _ 1, is calculated from equation (37). The successive
intervals towards the wall are then calculated by the use of
equation (30) and the plot of f3 (w) against w, If the
final value of w calculated coincides with the wall a
correct value of A x has been assumed. If not another value
of Ax is assumed and with the help of equations (30 and 37)
and Figure (16) the whole process is repeated until the
final value of w obtained coincides with the wall,

After a few tries it was found that by assuming 4x = 0,1
inch the last value of w calculated coincided with the wall,
The calculations for Ax = 0.1 inch are shown in Table (5).

A Schmidt type construction was then made with 56 as
ordinate and w as abscissa. The values of w used were cal-
culated as above, A Schmidt-type construction makes use of

the approximation

- 1
gb(m+1.n) T 2(Aw,) [ (¢m’n'l)(4"n-1)

T (¢m, n+1) (8w, -o-l)]
where the subscript n refers to the variable x and n to w,
The construction is shown in Figure (17). For the sake

of clarity only a few of the steps are shown,
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The values of r corresponding to the values of w used
in the Schmidt plot were found by the help of Figure (16)
and the definition of f3 (w)., The temperature profiles were
drawn for various values of A x. 'These are shown in Figure
(18), In this figure the dimensionless temperature ¢ is

plotted against the radius. The local Nusselt number is
given by

Ny = - D 5¢
(ay y =0

w = Tg oy
The local Nusselt number was calculated by the above
expression at various values of x and the average Nusselt
numbers over 1 and 2 inch lengths were found by graphical
integration. ‘The local and average values obtained are

given below:

x = 0.3 inch Nuy = 175
x = 0,5 inch Ny = 156
X = 1.0 inch Nu; = 118
x = 1.51inch gy = 111
x = 2.0 inch Ny = 10k

The average Nusselt number for L/D = 2.0 is 135,
The average Nusselt number for L/D = 1,0 is 178.
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OTHER WORKERS RESUL TS

Boel ter, Young and Iverson's (2) results for various
entrance configurations are given in Table (6). The authors
give average values of the heat transfer coefficients.
Deissler (3) gives values of the local Nusselt number for
heat transfer from various L/D ratios at fixed Reynolds
number. The average Nusselt numbers for L/D = 1 and 2
were obtained by graphical integration. The local and aver=-
age values obtained are given in Table (7). In this table
the local and average values of the Nusselt number obtained
by use of Sleicher and Tribus's equation (20) are also
glven,

Use of Latzko's equation (18) gave the following values
of the average Nusselt number:

Re = 30,000 Nu = 122
Re = 60,000 Nu = 230

Use of Leveque's solution for turbulent flow in a pipe
(1Lh) gave the following values of the average Nusselt
number:

Re = 30,000 Nu = 70.2

Re 60, 000 Nu = 120

It was found that the factor < £ )1/3 is nearly con=-

stant over the range of Reynolds number covered.



TABLE
Quantities used in the Craphical Solution

» U €y x 10l £3 (w% 10-2
(inches) (ft./sec) (sq.rt /sec) (8ec2/rt5) (sec/sq.ft)
0.4973 - 3.0 - -
0.L4945 300 L.57 Lh2.490 -
0.4918 372 6.53 23.8L9 39.0
0.4891 L2l 8.72 16.211 -
0.486L L6l 11.08 11.85
0.4836 496 13.56 9.40 su 5
0.4782 52l 32.4 3.779
0.4727 sl2 1,0.0 2 973 69 ol
0.L4672 560 7.4 2.1 5
0.4618 57k Sh.% 2.163 70.20
0.4563 585 61, 1.913 -
0.4509 595 68.7 1.732
0.Lh5Y 605 75.2 1.596 79 L8
0.4181 641 97.9 ~de31k 86.83
0.3908 666 122.0 1.161 93,07
0.3635 686 ihl.h 1.12L 98.55
0.3362 705 157.2 1.149 103. 7L
0.3089 715 168.3 1.2, 108.93
0.2816 729 175.6 1.%19 114.39
0.2543 737 178. 696 120,15
0.2270 7L9 176. 2.110 126,5)
0.1997 756 169.2 2.823 133.86
0.172l 76l 161.2 3 93l 142.70
0.1451 771 152.2 6.065 153,98
0.1178 728 129.0 10.102 168.96
0.0905 785 105.3 18.811 189.68
0.0632 790 78.2 31 193 220.77
0.0459 yeln 46.7 3.1L 268.90

0.0086 800 11.56 2h32.L LLS.26



TABLE S

Values of f3(w,) and W, _ ; Calculated for

Ax = 0.1 inch

(Secz/ftS) (Sec/sq.ft) (Sec/sq.ft) (inches)
99,00
111 1.36 97.6l
112 137 96.27
113 1.37 94.90
11l 1.38 93.52
116.5 1.40 92.12
119 1l.h42 90.70
121 1.h42 89.28
12 1.45 88.83
12 1.46 86.87
131.4 1.50 85.37
135 1.50 83.85
110 1.55 82.32
1hl.5 1.55 80.77
150 1.61 79.16 Oelylily7
159 1.65 78.15 0.l 75
165 1.67 76.84 0.4510
173 1:73 75.11 0.4560
187 1.80 73.31 0.L610
209 1.9 71.17 0. 166l
237 2.0L 69.13 0.44726
290 2.37 66,76 0.L,778
382 2.68 6l..08 0.L798
500 3.11 60.87 0.4811
620 3.32 57.55 0.4827
785 3.82 53.73 0.L48L7
1000 Le36 49.37 0.L487L
1660 S.56 38.84 0.4909
2200 6.60 32.24 0.4929
3100 7.83 2h.h1 0.4950
5200 9.93 i4.48 0.1,966
8400 1L4.20 0.28 0.5000

76
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TABLE 6

Summary of Boelter, Young and Iverson's Results

Nu
Long Short Small Large
Calming Calming Orifice Orifice
Re L.  Ssectlion Seetion
D 4/D=11.2 ¢/D =2.8 D/Dg =1,715 D/D,=1.265

27,200 T 4b - o s
36,1400 S e o -
13,000 & oie el ey -
148,800 : i ping =
53,000 2 1T o fs o
26,700 g = 128 - o
36,900 g - e o o
L2, 200 £ o= }22 - et
148, 1100 Y > e o
5L, 1400 T = 5 e
17, 000 : = - =
22,900 2 - - in -
26,1,00 s - " isg a
22,000 ¥ o= sl i
30,700 s - - o i
10,100 : o S gay
19,700 : = R o
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TABLE
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Deissler's and Sleicher and Tribus's Results

X

iy

Nu

Delssler Sleicher

Deissler Goleicher

and Tribus and Tribus
2.00 202 237
1075 206 bt
1.52 Zig 2L0 ( 523 )
» -, 2 -- L/D=2
100,000 ;7655 220 21,8 o6 2l
0025 2 7 e
0 - 256
2.00 139 159
1.75 141 - 157
1.50 1hl 162 -
(L/D=2)
60,000 125 147 e 16l
0.50 168 168 -
0025 186 "o
0 - 173
2.00 82 93.5
1075 83 prtee 96
%gg g; 95.5 (L/D=2)
30,000 3749 90 98.0 o 97.6
0.75 95 we ? .y D=2
0.50 101 100 (L/D=1)
0025 1’-‘»9 et
0 - 104



79

. T | I |

o
o
|

25 \

100 -

€, , lotal Conductivity, sq.ft. per sec.
~
T

50— A
2S5} —
0 | | | |

0.5 0.4 0.3 0.2 0.l 0

Radius,r, inches

FIGURE 15 TOTAL CONDUCTIVITY



£t
N
|

sec. per

£ |

10 | | |

0 50 100 150 200
W, sec.per sq. ft.

VARIATION OF fs(w) WITH w
FIGURE 16



81

¢= (T=Ta)/(Tw=Tq)

S

15

Ol —
5
0 | | i ‘l
0 10 20 30 40
w, sec.per sgq.ft.
FIGURE 17 GRAPHICAL CONSTRUCTION



(T—Ta)/(Tw—=Ta)

¢

82

0.6 —

0.5

0.4 -

003 -

0.2 -

0.l -

0 |
0.5000 0.4975 04950 0.4925 0.49500

Radius, r, inches

FIGURE |18 TEMPERATURE PROFILE



APPENDIX II
OBSERVED DATA



8l
NOMENCLALURE USED IN TABLE (8)

AH : Deflection of orifice manometer, ins. of 0.83 sp.
gr. liquid.

I ¢ Current to heating wire, amps.

Py ¢t Pressure at test section, p.s.i.a.

P, ¢ Pressure at orifice, p.s.i.a.

Ta

¢ Temperature of entering air, © F,

Ta1s Tuos Ty3» Tyl : Temperatures of the inside wall of the
heated section at various points.
\' ¢t Voltage drop across heating wire, Volts,
In all runs, except for those marked with an asterisk
(#), the 0.75 inch orifice was used to measure the flow rate.
In runs marked with an asterisk (), the 1.25 inch orifice

was used,



TABLE 8

2 inch Test Section. No Disturber. Group 1
No. AH T& Twl TUZ T“B PO I v
1 1.26 72.% 127.2 128,0 127.2 17.3 ILeT7T 0.190 43.0
2 2,20 170. 130.1 131.2 130.0 17.3 1he7 0.210 L47.0
3 .31  69.9 125,9 127.0 125.9 17.2 14.7 0.225 50.8
N .03  66. 125.5 127.3 125.5 17.2  1h.7 0.250 56.9
5 15,6 62.6 127.3 129.3 127.2 15.8 1h.7 0.288 65.6
6 28. 4.5 123.9 124.5 123.5 18.1 1h.7 0.333 75.C
7# 6,20 53,0 124.0 125.5 123.9 18.6 14.7 0.382 8L.9
8: 12.2 L49.0 122.0 123.3 122.0 23.1  14.7 ©.h31 99.0
9 1.30 70.2 127.1 128.0 126.8 17.2 lite® 0.191  U3.1
10 2.59 68.0 124.5 126.8 12L.5 17.2 1h.6 0.210 L6.9
11 L.73 65.1 128,2 129.9 128.2 17.2 1h.6 0,234 - 52.2
12 8.60 62.2 126.8 128.7 126.8 17.2 1h.6 0.260 58.9
13 15,8 59.3 125.0 126.6 12h.9 17.1 1h.6 0.287 64.8
i, 28,3 57.3 176.1 126.8 126.1 17.2 1h.6 0.320 73.6
15%# 5.20 ©58.0 124.5 126.0 124.5 17.8 1h.6 0.3Lh9 79.9
16 10.0 52.1 122.6 123.6 122.6 20.0 1h.6 0.40h 92.5
17 1.L0 75.0 131.1 131.7 129.7 17.5 14.7 0,191 L3.1
18 2.27 73.6 128.7 130.1 130.0 7. 1h.7 0.206 L6.3
19 L4.10 T71.1 129.9 130.9 129.7 17.3 1h.7 0.224 50.9
20 6.50 70.5 129.6 130.1 129.1 17.3 1he7 0.243 55.0
21  10.7 66.6 129.1 130.1 129.6 17.2 147 0.265 60.1
22 18.7 63.5 129. 130.1 129.9 17.0 1h.7 0.290 66,5
23 26.4 8 127.4 129.4 128.5 17.1 1he7 0.303 69.3
2Lh# L.10 63.0 128.3 129.5 128.9 16.8 1h.7 0.327 Th.
25% 6.18 128.3 130.3 129.8 18,1 1Lh.7 0.361 83.0

s8



2 inch Test Section. 1/l inch Nozzle. Group 2
No. AR Ta TW]. THZ Tw 3 Twh ) o P e I \'
1 0.99 T7h.6 128.5 129.0 128.5 128.5 17.6 14.7 0.296 67.0
2 2.03 72, 126.h 127.3 127.2 127.0 18,6 1h.7 0.3L2 78.3
3 2.80 70. 126.3 127.3 126.5 127.1 20.8 1h.7 0.278 86.0
5 1.75 73.0 127.7 129.1 128.6 128.6 18.6 14.7 0.350 80.0
6 2.65 T1.3 127. 129.3 128.4 128.8 21.2 1h.7 0.383 88.0
7 1.02 75. 126. 127.3 127.2 127.2 17.6 1h.7 0.308 170.0
8 1.82 73.3 128.5 129,7 129.3 129.6 18,6 1h.7 0.350 80.0
9 2.77 Ti.3 128.3 129.5 129.1 129.5 21.2 1h.7 0.381 87.L4
10 1.02 76.0 130.0 130.5 130.0 130.0 17.6 1h.7 0.251 57.1
11 1.80 73.5 129.3 129.9 129.6 129.6 18.6 _ 1L.7 0.278 63.1
12 2,70 T1.9 127.5 128,3 128.0 128.2 21.2 14.7 0.295 67.0
13 1.00 77.4 129.1 129.,8 126.3 128.8 17.6 1h.7 0.210 L7.2
b 1.7% 73.3 129.5 130.7 129.7 129.7 18. 147 0.230 52.0
15 2.67 71.4 129.5 130.8 129.8 129.8 21.3 1lh.7 0.250 56.9
16 1.00 74.0 128,6 128, 128.7 128.2 17.6 1L.7 0.199 Lh.8
1 1.80 72.2 127.2 128,0 127.4 127.0 18.6 14.7 0.212 }48.1
1 2,70 70.1 127.h 127.8 127.5 127.2 21.2 14.7 0.232 53.0
19 1,03 7.7 130.0 130.2 129.9 129.6 17.6 1L.7 0.185 j2.0
20 1.80 72,0 128.7 129.2 128.8 12£.6 18:6 1l.7 0.199 ug.a
21 2.73 T70. 126.,2 128,7 128.3 128.2 21.3 147 0.212 Uu8.2

93
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2 inch Test Section. 1(2 inch Nozzle. Group 3

O o~ onETW N -

Ay Tq Tl Tw2 T3 Tl Po Pe L v
1.18 75.2 129.6 130.6 129.9 129.6 17.5 1Lh.7 0.246 55.3
2,23 T73.7 128.1 129.6 128.3 128.5 17.5 147 0.276 62.8
ho.19 70.4 128.7 129.6 129.2 128.5 17.5 1L.7 G.310 71.0
7.07 67.6 127.5 129.7 128.6 128.7 17.3 1.7 0.349 B80.0
11,0 65.2 129,5 130.5 129.6 129.1 17.3 1h.7 0,382 88.0
18.8 63.1 127.7 129.5 129.2 128.5 18.0 1.7 0O.425 98,0
28,0 61.5 127.9 129.5 128.9 128.5 19.9 1h.7 0.458 105,.5
1.20 The5 128.5 129,1 128,5 126.,3 17.6 1h.8 0.267 60.6
2,37 T71.8 129.9 130.9 130.3 130.5 17.h4 14.8 0.306 69.9
. 69.6 128.8 130.0 129.0 129.8 17.4 14.8 0.337 77.1
7.02 67.6 128,7 129.8 130.2 129.8 17.2 1.8 0.380 85,0
il.1 65.5 130,0 130.,7 130.2 130.8 17.2 1.8 0.4L09 9L.8
18,5 63,1 @ -=- 128,7 128,6 129,0 18.1 1.8 C.h39 101.0
1,10 7.0 128,8 129.,5 128.4 . 128.7 17.5 1h.7 0.268 60.8
2.22 73.0 129,7 130.,8 129.5 130.2 17.3 1lh.7 0.300 68.8
hol% 70.0 129.5 130.5 130.0 130.2 17.3 1h.7 0.333 76.6
6.52 68.9 128,6 129.7 129.3 129.6 17.3 1h.7 0.367 83.6
10.9 65.hL 126.0 128.5 129.,1 128,5 17.3 1Lh.7 0.399 91.0
27.9 61.0 127.2 128.5 128.5 129.5 19.9 1h.7 ©C.h73 109.0
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Group 3 (Continued)

T Ta2 Tw3 Twh P Pe I

L]
o~ o=~uVniunodunowo oneE=

SEERENEETETGHERERD

128.2 129.5 128,7 128,7 17.5 1L4.7 0.238
129.8 130.9 130.0 130.1 17.3 1h.7 0.261
129, 131.0 130.5 130.5 17.3 1h.7 0.291
129.8 130.9 130.h 130.6 17.2 1L4.7 0,312

L) 12905 129.0 12809 1 03 1!.],.7 00337
127.86 129.1 130.4 129.1 18.0 14,7 0.373
128.9 129.6 129.2 129.9 19.9 1Lh.7 0.115
130.1 130.6 129.1 129.9 17.5 1Lh.7 0.208
130.6 130.8 130.6 130.5 17.5 1h.7 0.222
130.2 130.7 130.0 130.2 17.3 1L.7 0.249
130.0 130.9 130.6 130.5 17.3 1L.7 0.270
129.9 131.0 129.0 - 17.3 1h.7 0.292
128,9 130.1 129.6 129.9 17.9 1h.7 0.323

- 131.0 130.0 131.0 19.9 1h.7 0.362
130.2 130.4 130.0 129.8 17.6 1h.7 0.199
129. 0 bt 12902 12809 17.5 11“'7 00212
129.8 130.4 129.3 129.8 17.3 1,7 0.237
130,2 130.9 128.7 130.5 17.3 1h.7 0,259
129.8 130.6 129.6 130.1 17.2 1Lh.7 0.280
129,88 131.3 130.9 130.9 17.9 14.7 0.310
129,0 130.9 129.7 130.6 19.9 14.7 0.340

130.9 131.1 131.0 120.1 17.5 1h.7 0.189
131.0 131.3 130.9 130.9 i7.5 1L.7 0.200
129.6 130.L4 129.9 129.9 17.3 1h4.7 0.221
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AH

Group 3 (Continued)

Tu3 Tl

Po

6.63
10.7
18.0
27.5
1.2
-E.zl
.2
6.8
10.6
18.5

1.2
223

«70
10.6
17.1
29l

67.3
65.0
62.5
60.9
75.4
73.5
70.0
67.0
65.0
63.0
61.0
75.7
Thie

71.

69.6
68.2
66.6
6l.5

129.1
128,6
129.6
120,.8
129,5
128,7
129,2
129.,2
1284
127.9
129.6
129.5
128.5
128.1h
128,

128,2
128,0

129.L, 129.6

129.6 129.6
130.1 130.1
130.1 130.0
129.8 128.6

129.8 129.8

129.1 129.2
129,5 129.5
129.2 129.2
128.4 128.7
129.5 129.8

1129.6 128.7

129.8 129.3
129.8 128.5

J128.h  128.9

128.F 124.0

©128.3 129.0
128. 128.5

17.3
17.2
17.9
19.9

e
~—=
e @ o

O owwuniriunio o vwwain o

17.

0.2l2
0.266
0.298
0.32

0.18

0,202
0.223
0,243
0.263
04292
0.321
0.188
0.201
0.219
0.2;0
0,260
0.283
0.313
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2 inch Test Section. 1/4 inch Orifice. Group L

1 1.01 7h.6 128.4 129.6 129.1 128.5 17.5 14.7 0.311

2 1.43 T73.0 128,h 130.8 129.5 129.9 18.6 14.7 0'386

3 2.23 70. 129. 129.,6 130.0 130.2 21.3 1h.7 0.380

L 1.00 73.9 127. 129.,0 127.3 128.1 17.5 1h4.7 0.306

5 142 72.6 126.4 129.1 128,31 128.2 18.3 1L.7 0.325%

6 2.26 70.6 bl 12805 12703 127 09 21.3 lh.o? 0.363

g 1.06 75.9 126.5 128,7 128.9 128,0 17.5 1Lh.7 0.321

1.hh  7h.h  126.6 128.6 - 127.5 18, 1h.7 o.3go

9 2.33 T71.5 127.3 128,8 128.1 128.0 21.3 1L.7 0.382

11  1.40 73.1 126.8 129.4 128. 128.h 18.7 1h.8 0.282
12 2.25 T71.2 127.3 128.7 128.7 128.4 21.4 14.8 0.311
13 1,00 77.2 128.4 129.5 128.4 128.6 17.6 14.8 0,211
i, 1.38 75.0 128.7 130.4 129.2 129.5 18.7 1h4.8 0.225
15 2.,20 72.6 128,7 130.5 129.2 129.6 21.4 14.8 0.243
16 1.00 75.1 127.2 128.,6 127.6 127.5 17.6 1L4.8 0.186
17 1.36 7h.2 127.2 128.6 127.7 127.8 18.7 14.8 0.195
18 2,22 72.3 129.0 130.5 130.0 129.6 21.L4 1LhL.8 0.216
19 1,08 76.0 130.7 131.2 130.5 130.3 17.5 14.7 0.182
20 1.40 T7h.1 130.9 131.7 130. 130.8 18.6 1h4.7 0.184
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2 inch Test Section. 1/2 inch Orifice. Group S

No. QH Ty Tl Tw2 T3 Tl Po Pe i ¥
1 1,22 7h.9 128,4 130.,4 128.9 129.0 17.4 1h.6 0.265 60.1
2 2.2 72.5 128,3 130,0 129.6 130.0 17.4 1h.6 0,297 67.8
3 Lhes09 69,5 128,3 1297 129.1 129.2 17.3 1.6 0.336 77.0
h 6.62 67.4 128.0 129.3 128.6 128.7 17.2 1h.6 0.371 8L.8
5 10,4 64.1 127.8 129.2 128.5 129.2 17.1 1lh.6 0,408 92.9
6 16,6 61.5 - 129.2 127.7 127.7 18.5 14.6 o.4lk1  101.0
7 26,5 57.5 127.7 129.5 127.9 127.9 21.2 1h.6 0.48 112,2
8 1.32 T73.5 129,8 131.1 130.1 130.1 17.h 14.6 0.281 64.0
9 2,32 T70.5 129.0 129,3 128.9 129.1 17.4 1h.6 0.313 T1.9
10 L.02 67.4h 127.2 128,14 128.1 128.2 17.3 1lh.6 0.348 9,0
11 6.70 65.0 127.0 128.5 127.1 127.0 17.3 1h.b o.i 1 7.2
O e 10 93 A

12 10.3 63.5 127.3 128,L 127.1 - 17.2 1h.6
13 16.9 61.0 127.2 129,0 127.6 127.3 18.5 1h.6 0,450 103.0
1y 26.6 59.3 129.,3 130.9 129.9 129.4 21.2 1h.6 0.499 115,1
15 1,26 73.9 129.1 131.2 130.2 130.1 17.5 14.7 0.281 63.9
16 2,21 T71.3 128,7 130.,1 129.0 128.9 17. 1h.7 0.310 71.0

17 4,02 68.h 128.7 129.2 129.0 129.1 17. 4.7 0.3L6 79.0
18 6.,55 66.1 127.6 129,7 127.9 127.9 17.3 1h4.7 0.376 85,7
19 10.6 63.4 127.6 129.2 127.6 127.6 17.3 1h.7 0.410 93.8
20 16.9 60.9 127.0 128.8 127.5 127.0 18, 1he7 O.uh7 102.3
21 26.7 58.9 127.8 129.2 127.8 127.3 21.3 1h.7 0,490 113.1
22 1,35 Th.l 127.6 129.2 128.1 127.9 17.5 1h.7 0.2L8 55.9
23 235 T71.6 129.5 130.5 129.5 1929.8 17.5 1Lh.7 0.272 61.9
.06 69,0 127.5 129.8 128.9 128.5 17.5 1h.7 0.297 67.3
25 6,60 66.6 128.3 129.6 128.5 123.5 17.L 1h.7 0.322 7L4.0
26 10.3 69.5 127.9 130.0 129.8 128.4 17.3 1h.7 0.3h2 78.3

16



Group 5 (Continued)

16.7 62.5 127.6 129.7 129.0 127.9 18.6 1h.7

260’4 5901 - 128.3 12808 12803 21 03 1!4,07
1.29 7h.7 128.7 130.0 - 129.0 17.4 1L.6
20 37 720‘.‘- 128‘ 6 12909 - 129 . 0 170,4 11.'».6
408 69.5 128.,3 129.7 -- 128.6 17.3 1h.6b
6.50 66,2 127.1 129.1 @ == 128.0 17.2 1.6
10.3 67oh. 12{401 12R.6 - 12800 17.2 1'4.06
1608 61.1]. 12706 12815 _ 12708 18.5 1ho6
26.7 5860 12809 12901 - 12806 2102 lhc6
1031 690h 128.)4. 12907 —— 128- 170'.]» 1!.{..6
2.32 69.9 12805 129.8 - 12“. 17-,4 1,4..6
hOOS 6803 128 .2 129. = 128.8 17 03 luob
6.52 65.L, 128.0 129. - 126.8  17.2 1he6
11.1 6205 1.27 .h 12902 - 128.0 1701 1’4—06
16.9 60.0 127.2 129.2 At 128.0 18-5 1'.]..6
26.7 5703 12801.. 1290’-‘» - 128 03 2102 11‘.06
le36  T76.7 128.,4 128.9 -- 128.3 17.3 14.5
2026 73.2 128.3 12809 T 17803 1703 11{..5
.05 71.2 129i8 131.1 - 129.8 17.3 1.5
6.55 65.6 129.L4 131.2 e 129.8 17.2 1h.5
11,1 62.2 129.3 129.7 - 129.4 17.0 1L.5
16.7 60.3 128.1 12947 - 129.1 18. 1h.5
26.7 57.3 128.1 128.5 .- 128.7 21.1 1L.5
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1l inch Test Section.

No Disturber.

Group 6

AH Ty T Tu2 T3 Taly Pe - v
1 1,25 70.0 130.5 130.6 129.7 131.0 17.6 1h.7 0.271 25.1
2 2.27 67.8 129,9 124.9 130.0 130.1 17.5 1Lh.7 0.288 27.0
3 LheO7 65.0 129.9 129.9 130.0 130.1 17.5 1h«7 0.31L4 29.0
b 6,60 62.9 129.2 129.3 129.8 129.7 17.3 1h.7 0.332 31.0
5 10.8 61.0 130.3 130.L4 130.6 130.h 17.3 1h.7 0.361 34,0
6 17.0 59.4 130.2 130.3 131.6 130. 17.2 1h.7 0.391 36.5
7¢# LohO 56,0 129.1 129.1 131.0 129.1 17.2 1h.7 O.4l6 h2.0
8% 6,10 54,7 129.4 129.,8 131.0 129.8 18.2 1he7 O.L4Th u§.9
9 1.5 T1.2 128.8 128,9 129.,2 129.2 17.6 1lh.7 0.266 25.0
k.15 66,5 127.3 127.7 128.8 127.8 17.L 1h.7 0.296 28.1
6.90- 63.6 127.9 127.8 128.9 127.9 17.3 1L.7 0.323 30.5
11,3 61l.6 127.9 128,1 129.1 127.9 17.2 1h4.7 0.360 33.3
20,2 59.6 130,0 131.,1 131.7 131.2 17.1 147 04399 37.9
hell 57,0 128,2 128.h 129.7 128.5 17.0 1h.7 0.43 41.8
6015 S’.‘.ol 12802 12705 - 12809 18.2 1’-'.07 0.1'.6 hS.O
1.5 70.1 128,5 128,5 129.6 126.9 17.7 1lhe8 0.262 24.7
2.30 68.5 129.,3 129.3 130.3 129.7 17.6 1L4.8 0.278 26.0
4,05 65.5 129.2 129.; 131.0 129.6 17.5 14.8 0.304 28.3
6,90 62.6 129.4 129.h 131.0 129.4 17.4 1Lh.8  0.330 31.3

€6



Group 6 (Continued)

21 10.7 60.5 129.7 130.7 131.0 129.6 17.L 1L4L.8 0.356 34.0
22 18.9 57.9 128.9 130.2 - 130.4 17.3 1h4.8 0.391 37.2
23% 3.95 56,0 129.3 129.7 131.0 129.1 17.1 1L4.8 0.439 L1.5
2hs 6.15 53,5 129,55 129,0 130.5 129.5 18.3 1h.8 0.478 L5.5
25 1.56 69,2 129,7 129.8 131.8 130.2 17.7 148 0.266 25.0
26 2,30 67.2 130.3 130.3 132.0 130.9 17.6 14.8 0.284 2g.o
27 bL.12 64.8 127.9 127.9 129.0 127.9 17.5 1h.8 0.299 28.5
28 6.90 62.3 127.9 127.9 129.2 128.1 17.4 1L.8 0.324 31.1
29 11.0 60.4 130.5 130.5 131.8 130.2 17.4 1L4.8 0.360 34.2
30 18, 58.2 130.6 130.5 132.6 130.5 17.3 1Lh.8 0.382 36,5

6



1l inch Test Section. 1/2 inch Nozzle. Group T

No. AH 5 Tl T2 T3 Ty Pq r, I v
1 1.38 68.9 128.5 129,0 128.5 129.0 17.5 1h.7 0.324 36.4
2 2.37 26.6 126,3 126.5 126.3 126.5 17.5 1h.7 0.353 39.9
3 L.08 6.,  129.8 129.3 129.3 129.8 17.5 1h.7 0.435 L41.7

4 6.78 62.4 128.5 127.7 128, 128.5 17.5 1hL.7 0.475 L45.9
5 10.6 59.3 129.6 128.9 129.3 129.5 17.4 1h.7 0.520 50.0
6 16.8 ©87.2 129.3 128.5 129.1 129.Lh 17.5 1h.7 0.565 5h.2
7 27.3 55.5 128.2 - 128.h  128.9 19.2 1Lh.7 0.616 59.L4
8 1.40 T71.0 129.8 129.6 128.9 129.8 17.7 1Lh.8 0.362 3Lh.3
9 2.30 68.6 130.0 129.5 128.9 130.0 17.6 1hL4.8 0.392 37.3

10 L.12 65.8 127.5 127.3 127.1 127.5 17.5 1h.8 0.h426 LO.

11 6.92 63.0 128.5 127.7 127.4 128.1 17.LhL 1h.8 0.L68 ug.9

12 10.6 60.6 128,58 128.,0 127.9 128.h 17.3 1LhL.8 0.509 L48.7

13 16.9 58.3 130.6 129.9 129.9 130.3 17.h 1h.8 0.559 53.5

iy 27.9 655.9 128,5 127.3 127.7 128.0 19.L 14.8 0.605 57.8

15 1,48 70.0 129.8 129.8 128.9 129.9 17.5 1L.7 0.351 33.7

16 2.32 67.h 129.7 129.6 128.9 129.8 17.5 14.7 0.375 35.9

17 Lol 65.0 129.7 128.9 128.9 129.7 17.h 1h.7 0.410 39.7

18 6.85 62.7 129.0 128, 129.0 129.0 17.3 1h.7 O0.4h3 L2.6

19 10,9 60,2 128,6 128.,0 127.8 128.6 17.2 1he7 0.476 16,0

20 17.7 8.2 128.6 127.7 127.4 128.5 17.5 147 0.516 1}9.9

21 28,5 56,6 128,2 127.1 127.1 128.5 19.L 1L4.7 0.569 5L4.9

22 1l.h1 68.1 129.6 129.6 128.9 129.6 17.4 1h.6 0.307 29.2

23 2.32 67.5 129.6 129.5 128.9 129.6 17.4 1h.6 0.324 30.9

2, L.07 65,6 129.5 129.3 128.6 129.3 17.3 1h.6 0.351 33.4

25 6,80 62.7 129.9 129.8 129.5 129.9 17.2 1lh.6 0.383 36.6

96



Group 7 (Continued)

-3

No. AH Ty Tyl Tu2 Tu3 Tl Po Pe

26 10.6 60.0 128.9 l?e.h lZB.h 128.7 171 1h.6
27 18.3 c8.0 128.1 127.6 1275 128.1 17.% 1lh.6
28 28.7 56.0 128,0 128.5 128,.3 128.0 19.4 1.6
29 1.L45 68, 129,.6 129.7 128.9 129.6 17.4h lh.6
30 2.38 67.1 128,.8 129.2 129.5 129.2 17.4 1L .6
31 L.16 65.0 128,6 128.7 128.L4 128,7 173 1.

32 6.9L 61.9 127.6 127.14 127.2 127.5 172 14.6
33 10,8 60.1 127.9 127.5 127.2 127.4 171 1l.6
3L 18.4 58.2 127.h 127.2 1270 127.h4 1745 1.6
35 28,2 £6.8 218.2 127.2 1272 128.2 19.L 16
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APPENDIX III
CALCULATED DATA
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CALCULATED DATA

Sample Calculation

A sample calculation is given below showing the steps
followed in calculating the Nusselt and Reynolds numbers

for run number 18 of Group 1.

Calculation of Nu

q = (0,206) (L6.3) watts = (0,206 6. BTU
. hr

= 32.6 BTU/hr.
A, = 0,0436 sq. ft.
(T, = Ty) = 56,2 °p

h = q - 2 f 13.3 B'IU/hr.
Ay (Ty - Tg) Io.oE%E)EE’E.aS

sq.ft. °°. Nu = _hD _ 13 = 73.9

Nu = 73-9

Calculation of Re

From Ambrose's calibration curve (1, P, 163) for

AH= 2.27, & ~° after applying a 3 per cent correction
ot

is equal to 2.90.
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Lo = 0.0887 1bs/cu.ft, and A, = 0.0745 lbs/cu.ft.

So Q — (2.9)(0.088'{11/2 11.6 cu.ft./min.

0.074L5
From equation (33) Re - _BQ where
P
5 = (60)(D)( ¢) , & constant.

Ao

B = (60)(0.075) 690 lbg
2 . ) - cu.!to

¢ at TW® F = 0.04L41 1bs

ft-hr
So Re — 69 x 11.6 _ 1.816 x 10k
0.
Re

4
3!

- 1.82 x 10t




Nu

£ @0

100
Nomenclature used in Table (9)

Average heat transfer coefficient BTU/(hr)
(sq.ft.) (°F).

Distance of disturber from upstream end of heated
section.

Average Nusselt number, hD
k

Air flow rate, cu.ft./min. measured at 60° F and
1l atmosphere pressure,

Amount of heat transferred, BTU/hr.

Temperature of entering air, op.

Average temperature of inside wall of heated section.
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TABLE 9
2 inch Test Section., No Disturber,

Group 1

No, (T - Ty) Q a h  Rexl0™F wmu £
1 5500 8055 2709 1196 1033 6&'& e
2 59.6 1103 3h09 13vh 1976 7&03 =,
3 5602 1508 3900 1‘509 201‘-6 8800 e
h 5903 2106 !.l.896 1808 301‘4»0 10&03 re
5 09 2996 6h95 22n6 ho67 12605 me
6 7040 1.9 845 27.6 6.70 153.2 ==
g 7107 5908 110.6 35.3 9.60 19509 s L2

71‘-00 920’4 lhloo hl.l lhogo 228.1 -e
9 56.8 8.67 28.2 llou- 1036 6301 "o
10 5609 1203 3306 1305 1‘92 7500 _m
ll 63.8 1605 h.lo? 1501 Zoh.h 8308 b b
12 62 22,3 52.9 18,7 3.52 103.8 --
13 6 .0 29.8 6305 22.0 ho?h 122.1 "
1l 69.4 bo.L B80.5 26.6 6oy  1L7.6 ==
1"; 6705 58.'-'-.' 95.1 3203 9030 179.3 -
16 7105 79-0 12703 ’.l.009 12.68 22700 e
17 56.1 9011 2892 1105 1032 6308 -
18 56.2 11,6 32.6 11.3 1.02 737 -
19 5900 15.5 39.0 lr)’ol 2Qu2 83.9 -
20 5991 1905 h506 1707 3006 9800 e
21 63.0 25.0 5’.‘.05 19.8 3.9‘.'- 110.0 -
22 66oh- 32.7 66.0 22.8 5016 12605 et
23 6609 3901 72.1 25.LL 6018 1).'.1.0 .-
2l 65.7 47.0 83.5 29.1 7.40 161.5 ==
25 67.2 59.9 102,2 33.8 9,45 187.6 --



2 inch Test Section.

1& inch Nozzle.

102

Group 2
No. (T = Tg) Q q h RoxlO"bf Nu L
1 5Lh.0 7.70 67.6 28.7 1.20 159,3 0
2 She7 11.3 91.4 38.2 1.76 212.0 0
3 56,2 14,1 111.0 L5.2 2,19 250.,9 O
Iy 5.0 7.7  76.9 32.4 1.20 179.8 0.5
5 55.3 10,5 95.5 39.6 1.63 219.8 0.5
6 57,0 13.8 115.0 Lé6.2 2.15 256.4 0.5
7 5l.6 7.79 T73.6 32.6 l.22 180.9 1
8 56.1 10.6 95.6 39,0 l1.66 216.5 2
9 57.7 13.9 113.6 L5.1 2,17 250.3 1
10 Slield 7.80 149.0 20.7 1.21  11L4.9 3
11 56.1 10.6 59.9 2L.L 1,65 135,4 3
12 56,1 1.l 67.5 27.5 2.20 152,6 3
15 58.L 13.9 LUB8.5 19.4 2.16 107.4 5
16 Sli.6 TeTh  30.L 12.7 1.20 70.5 7
17 55.4 10,6 348 1h.bL 1.65 7949 7
18 57.h 13.9 L2.0 16.8 2.18 93,2 7
19 553 7.81 26,6 11.0 1,20 6l.1 12
20 56,9 10,6 30.4 12,3 1.65 68,3 12
21 57.8 14,0 3Lh.9 13.9 2:18 Ti.1 12
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2 inch Test Section. 1/2 inch Nozzle.

Group 3

Fo, (T,-1T) @ a h Rext0”l Nu ¢

1 5he7 8.39 L6.4h 19.L4 1,30 107.7 ©

2 54.9 11,5 59.1 24.7 1.79 136.6 0O

3 58.7 15,6 75.1 29.5 2.46 162,6 0
L 61.0 20.3 95.L 35. 3.19 198.7 o©

5 6l 7 25,2 114.8 }0.6 3,98 225.3 0

6 65,6 33.8 1h2.1 U}9.6 s.gu 275.3 0

y ¢ 67.2 .8 165.,0 56,2 6.85 311.5 O

8 5h.l U2 55.4  23.4 1.31 129.9 0.5

9 58.7 11.8 7301 2805 108,4. 158.2 0.5
10 59,9 15.5 88,9 34.0 2,56 188.7 0.5
11 62,0 20.1 110.2 L40.7 3.16 225.,9 0.5
12 65.1 25,2 132.1 Lb6.5 3.98 258.1 0.5
13 65,6 33,6 151,1 52.8 5.30 292.0 0.5
1l 68,6 43.0 181,1 60,5 6.80 335.8. 0.5
15 53,8 8.05 55.6 23.7 1,25 131.,5 1.0
16 57.0 11.1 70,5 28.3 1.77 157.1 1.0
17 60.0 15.5 87.0 33.2 2.143 18u.g 1.0
18 60.6 19, 10L.8 39,6 3.05 219, 1.0
19 62.6 25.2 124.0 L5.3 3.97 251.i4 1.0
20 65.9 33.6 151.0 52.5 5.31 291.,4 1.0
21 67.6 3.1 176.0 £59.5 6.85 330.2 1.0
22 53.9 .08 L43.6 18.5 1,26 104.0 3
23 57.6 11.0 52,4 20.8 1.72 115.% 3
2l 61,0 15.5 66,6 25,0 2.412 138, 3
25 62.7 19.3 75.5 27.6 3.03 153,2 3
26 63.L 25.2 89.0 32.1 3.93 178.2 3
27 67.3 33.6 108.7 37.0 5.31 205.L, 3
28 68.1 L3.0 134.6 L5.2 6.81 250,9 3
30 56,1 11.3 38.5 15,6 1.76 86.7 5
31 59.2 15.5 L48.h 18.7 2.42 103,8 §
32 62.2 19,1 ©57.0 21.0 3,00 116.,6 S
33 61.0 2.8 65,3 2%.5 3.87 136.,0 §
3L 66.2 32.7 8.6 28.2 5.16 156,5 §
35 69.9 143.0 102.5 33.6 6,82 186.5 &5
36 5.6 8.58 30.% 12.5 1.34 69,3 7
3 56,6 312 L. 1%.1 1.75 178.2 7

3 61,2 15.4 3.7 16.L 2.2 91,0 7
39 6L .2 19.7 52.4 18.7 3,10 103.0 7
Lo 65.9 25,0 61.5 21.% 3.95 118.8 7
L1 69,1 32.8 75.1 24, 5.20 137.7 17
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Group 3 (Continued)

No. (T, = Tp) Q « h Rex107} Nu £

u2 70.2 43.0 89,6 29.2 6.83 162.1 7

L3 55.7 8.95 28,0 1l.5 1.39 63.9 12
Ll 57.6 11.0 30.8 12,2 1.72 67.8 12
LS 69.9 15.5 37.9 1L.5 2.h2 80.5 12
L6 62,2 19.8 u?.s 16.1L 3,11  91.0 12
L7 6l.5 25.0 55.2 19.6 3,94 108.8 1

L8 67.6 33.0 69.1 23.0 5.22 127.9 12
49 69.2 .0 82. 27.3 6.82 151.7 12
50 Sh.l Tl 26.9 1l.hL 1.35 63,2 12
51 56.3 11.5 31.7 12.9 1.78 T71.6 12
52 69.5 15.8 38.6 1L.8 2,47 82.3 12
5 62.8 19.8 L5.9 16, 331 92,7 12
5 6l.2 2L.8 5%.1 19.3 3.91  107.1 12
55 65.8 33,6 66,8 23.2 5,30 128.8 12
56 69.0 L2.8 81.0 26.8 6.78 148.7 12
57 5li.9 8.60 27.3 1l.h 1.3% 63.3 50
58 S5.L 11l.4 32.2 13.3 1.7 73.7 50
59 573 1.55 36.9 1L.8 2.43 B1.9 50
60 59.4 19.8 LL.L 17.1 3,09 94.9 50
61 60.9 2L.8 52.7 19.8 3.89 110.0 50
62 62.4 31l.4  62. 22.9 L.9Lk 127.3 50
63 6L.0 Lh.0 79.2 28.3 6.94 157.1 50



2 inch Test Section.

1& inch Orifice
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Group U
- T,) (s} q h Rexlo"’* Nu L
1 Shel 7.79 75.4 31.8 1.2 176.5 0
2 5649 9.46 . 88,1 35.5 1.4,9 197.0 O
3 59.L 12.6 110.9 }2.7 1.97 237.0 O
Iy Sh.l 7.72  72.9 30.7 1.20 170.L4 0.5
5 55.1 9.45 82,9 34.8 1.49 193.1 0.5
6 57.2 12,7 103.3 Ll.2 1.98 228.7 0.5
7 52,2 7.94 80.7 35.% 1.23 196.5 1
8 53,1 9.5 90.4 38. 1.49 215.3 1
9 56,6 13.0 113.6 L5.9 2,03 254.7 1
She3 7.80 587.4 2L4.2 1,21  13Lh.3 3
55.14 9,37 62, 25.8 1,46 1h3.2 3
56,9 12.7 175. 30.04 1,98 168,7 3
51.5 Te7 34.5 15.3 1,20 84.9 5
5L.5 9.3 39.2 16,5 1.%5 91,6 5
56.9 12.1 Uu45.8 18,4 1.89 102.1 5
52.6 7.71 26,4 11l.L4 1,20 63.5 7
53.5 9.26 29.6 12.6 1,gu 69,9 7
57.6 12,2 36,1 1.4 1,89 80.1 7
She7 8,01 25, 10,6 12 58.8 12
57.0 9.38 27, 11,2 1.y 62,2 12
57.6 ‘12,8 32,7 13.0 1.94 71.9 12
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2 inch Test Section. 1/2 inch Orifice

Group S

No, (T - Ty) Q q h Rex107} wu £

1 S5he3 8.50 5Sh.h 22,9 1,32 127.1 0

2 57.1 11,2 68,8 27,5 1,75 152.,6 ©

N 61,2 19.7 107.1 LO,1 3.10 222,6 O
5 62.6 2l 129.0 L47.1 3,86 261,k O

6 66.6 32.3 152,0 52,2 S.11 289,7 ©

7 70.7 k3.5 186.2 60,4 6.94 335.2 O

8 56,8 8.81 6l.i 2h.7 137 1371 0.5
10 60,7 15., 93.7 35.3 2.2 195,9 0.5
1) 62.5 19.7 113.0 41.5 3,10 230.3 0.5
12 6L, 0 24,5 131.0 U6,9 3,87 260,3 0.5
1k 70.6 L3.5 196.,0 63,6 6.91 353.0 0.5
15 5643 8.60 61,3 21,9 1.3, 138,2 1
16 81.:7 1l 75.0 29.7 1.78 164.8 1
17 60,6 15.4 93,1 35,1 2.2 19L.8 1
18 62,0 19,6 110.0 L0.6 3.09 225.,3 1
19 6hi.ly 2h.9 131.0 Lb6.6 3.93 258.6 1
20 66,6 32.6 156.0 53.6 5.16 297.5 1
21 69.3 h3.5 188.0 62.2 6.92 345.2 1
22 5h.0 8.94 L7.1 20.0 1.39 111.0 3
23 58,2 11.7 57.5 22.6 1.83 125.4, 3
2h 59.7 15,5 68.3 26,2 2.42 145.4 3
25 62.1 19,7 81.3 29.9 3.10 16B.9 3
26 59.4 2L.5 90, 34.8 3.78 193.1 3
27 65.9 32.3 11Lh.0 39.6 5.10 219.8 3
28 69.8 3.4 139.8 U5.9 6.90 25h.7 3
29 SheS «71 32,5 13.65 1.36 75.8 5
30 56.7 11.8 38,6 15,6 1.85 86.6 5
31 59,1 15.5 L46.9 18.1 2,42 100,5 §
32 61.8 19.5 57.2 21.2 3.06 117.7 5
33 60.6 2Lh.6 66, 2le9 3.86 138.,2 ©§
3l 66.5 32.4 8..5 28.0 5.13 155,4 §
35 70.5 .5 101L.0 32.7 6.9, 181.6 &
37 59,0 11.7 3Lh.2 12.9 1.83 71.6 7



Group 5 (Continued)
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No. (T, - 1T,) Q q h Rex107l Nu £
38 60.6 15.hL L0.6 15.35 2.42 85.2 7
39 63.5 19.4 L48.5 17.5  3.06 97.1 7
1,0 65.6 25,2 58,0 20,2 3.98 112.1 7
L1 68,0 32,3 T70.6 23.8 5.13 132,1 7
L2 71.5 L3.5 86,0 27.5 6,95 152.,6 7
43 51,8 8.95 24.8 11.1 1.38 61.6 12
Ly 5543 11.5 30,8 12.8 1,79 71.9 12
L5 5849 15.5 39.5 15.3 2.42  8L.9 12
ub 6liely 19.5 L[6.6 17.0 3,08 9Ll 12
L7 67.2 25.1 56,0 19.8 3.96 109.9 12
L8 68.7 32.1 66,1 22,0 5,09 122.1 12
L9 71.2 L2.9 B80.4 25.8 6.82 1h3.2 12
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1 inch Test Section. No Disturber

Group 6
No. (T, T,) Q q h Rex10™t Nu V;
1 60.5 9.32 23.2 17.5 l.%9 97.1 -
2 62.2 11.5 26.5 19.5 1.80 108.2 -
3 65.0 150)4 32.2 2206 2.,43 lZE.h bk
).‘. 66. 19.6 35.1 2“.1 3.10 13308 "
5 69.‘-]- 25.1 ,40.5 26.8 3.98 l,.l.807 e
6 71.2 31.2 LLQQLL 31.7 ’4495 17509 ..
7 7345 L8.7 640 39.9 7+93 22l.4 ==
8 75.3 58.8 7205 hlL.O 9039 2’4’4.2 -
9 5708 9028 22 .0 1701‘- loh.s 96.6 -
10 59.7 1107 2’.'..7 1809 1.8)_;_ th..9 e
11 6l.L 15.6 28.L4 21.2 2.46  117.7 .-
12 61..01‘- 2000 3307 2 00 3016 133.2 -
13 66.6 2505 ho.q 2 00 ll-oOh. 155-!}. -
lll. 710 g 3,-1-01 5101 32.8 Soul 182.0 "o
15 7107 u".o 6200 39.6 7.50 219.8 e g
16 7%01 59.2 71.9 huo,.l. 9.&7 2h6oh. e
17 5 08 9. 22.0 17.1 1.h3 9).],.9 =
18 61.0 11. 2’406 leoh 1.82 102.1 *n
19 6‘4.2 15.3 29.’4 21.0 ZQM 11606 "
20 67.2 19.9 35.3 24,0 3.1 133.2 -
2l 69.7 25.0 ll.L4 27.2 3.96 151.0 =
22 72-1 32.8 u.906 31.5 5023 17“08 -
23 73-8 hs.s 62.1 38.6 7.1‘)4 21“..2 -
2l 76.0 59.0 7h.2 Uh.6 9.45 247.5 -
25 6101 905['- 22-7 17.0 l.h.9 9’401‘, L
26 63.7 11.6 2602 1808 1082 10,....3 -
27 63.1]. ISQh 2901 2100 2.'.13 11606 -
28 65.9 1909 Bhoh 2309 3.1'.'. 13206 "o
29 70.5 25.1 hZ.O 2703 3.99 151.5 -
30 72.9 32.8 L7.6 30.0 5.23 116.5 -
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1 inch Test Section. 1/2 inch Nozzle

Croup 7

No, (Ty = T,) Q a h Rex10~l Nu Z

p | 59,9 8,99 L40.5 31.0 1.32 172.1 1
2 59,8 11.8 L4B8.,0 36.7 1.85 203.,7 1
3 63.1 15.3 61.9 L44.8 2.0 248.7 1
N 66.0 19.6 Th.5 ©5l.6 3.10 286.4 1
5 70.0 24,6 89,0 58.1 3.92 322.5 1

6 71.9 30,9 104.7 66.8 L.93 370.7 1

7 73.0 1.2 125.0 78.5 6.58 L435.7 1

8 58.5 9.0L4 L2.4 33.1 1.0 183.7 2
9 61.0 11.5 50.0 37.5 1,81 208.1 2
10 6l.6 15.3 59.5 Ll.l 2.2  24h.7 2
11 6L.9 19.9 71.6 50.5 3.1y 280.3 2
12 67.6 2L. 84.5 57.1 3,90 316,9 2
13 71.8 31.1 102.0 65.0 L.95 360.8 2
1 71.9 41,8 119.0 75.9 6.68 21,2 2
1 59,6 9.3 LO.l  30.9 1.47 171.5 3
16 62.1 11.7 L6.0 33.8 1.83 187.6 3
17 6li.3 15.5 55.2 39.3 2.4 218.1 3
18 65,8 19.9 6l. k.7 3.1 248.1 3
19 68,0 25, 2.9 - 9.0 3.97 272.0 3
20 69.8 32,2 7.5  57.2 5.1% 317.5 3
21 7.2 43.0 106.3 68.L 6.8 379,6 3
22 6l.h 9.15 30,6 22.8 1.%3 126,5 §
23 62,0 11.7 343 25.3 1. 0.4 5
2h 6lL.1 15,4 L0.0 28.%5 2.4 158,2 5§
25 67.1 19.9 L47.9 32.2 3,14 178.7 5
26 68,6 24.8 5BL.6 36.L 3,94y 202.0 5
27 69.8 32.8 6L4.5 L2.3 5.10 23,.8 &
28 72,2 43.5 77.0 L8.8 6.95 270.8 &5
29 61.3 942 27.2 20.2 1.%5 112,1 7
30 61,8 11.9 29.9 22.2 1,87 123,2 7
31 63.6 15,6 34.2 2L.5 2.6 136.0 7
32 65.5 20,1 39.2 27.3 3.20 151.5 7
33 67.L 25, L45.9 31.1 3.95 172.6 7
3 69.0 33.0 50.6 33.6 5.25 186,5 7
3 70,8 h2.9 65.2 L2.1 6.85 233.7 7



110
Least square analysils of data obtained

without any disturbers

It is assumed that the data can be related by an
equation of the form

Nu = m (Re)™
or log Nu = n log Re -+ logm

The numbers n and m are found by the following

equations
S
gl log Nu  (Log Re, - Tog Re)
'y 1
E‘i (log Re, = Tog %e)®
m -

logm = log Nu =« n log Re
In these equations S8 1s the total number of data points,

8
Tog Re _ 1 = 1log Re,
5 m=1

=
"

and JIog Nu 1
5

Ve

log N
>, log My,

=

Table (10) gives a summary of the terms obtained in
the least square analysis of the data obtained for the 2
inch and 1 inch sections without any disturbers (Groups 1
and 6),



TABLE 10

RESULI'S OF LEAST SQUARE ANALYSIS

Group No, No. of Data Points 1og Re Tog Nu n m
21 L4591 2.0357 0.547 0.3L3
21 h.6612 2.2199 0.580 0.328

11t



