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in Part 4 of Appendix B
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of Appendix B
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Figed cost proportionality constant (fixed cost = CFAm), dollars/
foem

Cost of working fluid in heat transfer equipment, dollars/lbm
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Re, Reynolds number of fluid flowing in tube evaluated at local
mixed-mean fluid temperature, dimensionless

Re¥* Reynolds number based on equivalent diamter and true mean velocity,
dimensionless

F{ﬂ}+J1ajio Dummy variables used only in Part 4 of Appendix B

] Ratio of spacing between promoters to tube diameter, dimension-
less

S Spacing between turbulence promoters, ft.

tica Thickness of mica insulation, ft.

T Temperature, deg. F

T Dimensionless temperature (AKT/LQAO) used only in Part 4 of Ap-
pendix B

E& Solution in Region I (the heat-generating zone) of the conduction
equation which accounts for axial conduction into the non-heat-
generating portion of the tube, dimensionless

TII Solution in Region II (the non-heat-generating Zone) of the
conduction equation which accounts for axial conduction into the
non-heat-generating portion of the tube, dimensionless

Ty, Temperature at inside tube wall, deg. F

Tamb Ambient air temperature, deg. F

Ty, Temperature at outside radius of tube, deg. F

Tinlet Mixed-mean temperature of the fluid at Z = O, the inlet of the
test section (actually measured at the inlet to the equipment),
deg. F

Te Mixed-mean temperature of the fluid, deg. F

xviii



Toutlet

th

Twall

generation

ATy

ATmax

mean

min

ATperiodic

AT'periodic
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Mixed-mean temperature of the fluid at Z = L, the outlet of the
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Maximum difference between inside wall temperature and fluid
temperature for hypothetical, periodic inside wall temperature
distribution, deg. F

Mean difference between inside wall temperature and fluid temper-
ature for hypothetical, periodic inside wall temperature distri-
bution, deg. F

Minimum difference between inside wall temperature and fluid
temperature for hypothetical, periodic inside wall temperature
distribution, deg. F

Hypothetical periodic inside wall temperature, deg. F

Damped component of hypothetical periodic inside wall tempera -~
ture which would be measured at outside wall, deg. F

True mean velocity of fluid, ft/sec
Superficial mean velocity of fluid, ft/sec
Mean fluid velocity at point of minimum free area, ft/sec

Overall heat transfer coefficient defined by Equation <7h),
BIU/hr - deg. F - ft°2

Infinitesimal volume of tube wall, £t

Dummy variables used only in Part 4 of Appendix B, dimension-
less

Local fluid wvelocity in the radial direction, ft/hr

Local fluid velocity in the longitudinal direction, ft/hr

xix



NOMENCLATURE (continued)

Mass flow rate of fluid, lb,/hr

Ratio of distance from point of maximum diameter of promoter to
diameter of tube, dimensionless

Distance from first point of maximum radius of turbulence pro-
moter, ft.

Distance from center of heated section of tube, ft.

Dimensionless axial distance from center of heated section (Ey/L),
used only in Part 4 of Appendix B

Two arbitrary longitudinal positions along tube, between which
the hypothetical periodic inside wall temperature is expanded in
a Fourier series, ft.

Bessel function of the second kind and order zero

Bessel function of the second kind and order one

Dummy variables used only in Part 4 of Appendix B

Ratio of longitudinal distance from beginning of heating to diam-
eter of tube, dimensionless

Longitudinal distance from beginning of heating, ft.
Reference value of longitudinal position at which temperature,
pressure, and velocities are known in statement of theoretical

problem, ft.

Ratio of equivalent diameter to inside diameter of tube (used
in correlations for an annulus), dimensionless

Rate of change of thermal conductivity of tube wall with tempera-
ture, 1/deg. F

Rate of change of electrical resistivity of tube wall with temper-
amme,lﬂkch

B(na/S,b/a) Damping function defined by Equation (B-BO), dimensionless

0

Ratio of heat flux at inside wall to heat flux at outside wall
of an annulus (in the limiting case of two parallel plates)
used in theoretical analysis of Bgrrow, dimensionless



NOMENCLATURE (continued)

Eigenvalues defined by Equation (B—72), dimensionless

Dummy Eigenvalue defined by Equation (B-49) and used only in
Part 4 of Appendix B

Set of orthogonal functions associated with eigenvalue A, and
defined by Equation (B-SB), dimensionless

Dynamic viscosity of fluid, 1b /ft - hr

Viscosity of fluid in tube evaluated at the inside wall tempera,-~
ture, 1b,/ft - hr

Overall mean value of viscosity ratio obtained by integrating
local viscosity ratio (u/uw)z over length of tube, dimensionless

Viscosity ratio of fluid inside tube evaluated at local mixed-
mean fluid temperature, dimensionless

Parameter associated with eigenvalue Ay and defined by Equation

(8-73)

Density of fluyid, b /7]

Electrical resistivity of tube wall, ohm-ft.

Mean electrical resistivity of tube wall, ohm-ft.
Electricél resistivity of tube wall at O deg. F, ohm-ft
(1 +9m)/(1 + BT, )

Function used in friction factor correlation for annuli by Meter
and Bird, dimensionless

xxi



INTRODUCTION

In recent years the problem of improving the rate of heat
transfer to a fluid flowing in a tube has been a subject of increas-
ing importance., The advent of the nuclear reactor with its large
heat flux requirements has demanded the development of improved techni-
que for obtaining high heat transfer rates. The rapid expansion of the
chemical process industry has made it necessary to improve the perform-
ance of existing equipment for exchanging heat in order to keep plants
already built from becoming o bsolete. The exploration of space has
created requirements for heat transfer equipment which must both be
compact and must consume a minimum of power for operation,

One techn;que for improving the rate of heat transfer is to
insert devices commonly referred to as "turbulence promoters" inside
the tube to disturb the flow, enhance the mixing, and thus reduce the
resistance to heat transfer., Many types of devices have been suggested
for this service including such things as roughening elements attached
to the tube wall, twisted metal strips to impart a swirling motion to
the fluid, bluff objects in the center of the tube, and packing material,

Unfortunately, any insert which improves the rate of heat
transfer by enhancing the mixing also increases the pressure drop, and
more energy is required to pump the fluid through the tube, Therefore,
in order to determine the economic feasibility of turbulence promoters
in a given heat transfer application it‘is necessary to be able to pre-
dict quantitatively the rate of heat transfer and the pressure drop as a

function of flow rate, tube diameter, geometry of the turbulence promoters,
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physical properties of the fluid, and temperature boundary condition at
the tube wall.

At the present time the information concerning the effect of
turbulence promoters is of insufficient scope and reliability for design
purposes. One of the main difficulties in studying turbulence promotion
1s the large number of possible geometrical configurations. The only pro-
moters that have been systematically varied are twisted metal strips and
roughening elements attached to the tube wall.

In particular, little data exist for the effect of bluff objects
inside a tube on the pressure drop and the rate of heat transfer from the
tube wall to the fluid. There is a particular scarcity of data for local
heat transfer coefficients and for fluids other than air. Apparently no
previous investigation haéwconsidered the effect of streamlining a bluff-
body turbulence promoter.

The purpose of this investigation was, therefore, to obtain
experimental values of the pressure drop and local rates of heat transfer
for bluff-body turbulence promoters, including streamline shapes, in
water.

Because of the large number of independent variables, those
which were expected to be less significant were fixed. Thus, only one
fluid (water); only one tube diameter (one inch inside diameter); and one
boundary condition (constant wall heat flux) were utilized. This reduced
the problem to a consideration of the geometry of the promoter (shape,

diameter, spacing) and flow rate of the fluid. To further simplify the
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consideration of geometry, only promoters centéred in the tube, symmetric
about the axis and at[uniform.spacing were studied.

Thus, the variables considered in this investigation were: flow
rate of the fluid, shape of the promoter,'ratio of promoter diameter to
inside tube diameter, and the ratio of promoter spacing to inside tube
diameter. The effect of promoter.shape was studied by considering two
dissimilar shapes: disks and a streamline body as shown in Figure 1.

These shapes represent the two extremes of no streamlining and a great
deal of streamlining. Data were also obtained for a solid rod in the
center of the tube in an attempt to find out what happens in the limiting
case of promoters at zero spacing. Data were obtained with the empty tube
for comparison.

An attempt was made to obtain data of sufficient scope and accur-
acy to enable 1t to be used for the following purposes:

1. Determine whether bluff-body turbulence promoters can be
used economically to improve the rate of heat transfer to a fluid flowing
in a tube.

2. Determine whether there is an optimum geometry for the pro-
moter.

5. Obtain correlations to permit the design of turbulence pro-

moters for the most promising geometries.
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THEORETICAL CONSIDERATIONS AND PREVIOUS WORK

Mathematical Statement of the General Problem

The mathematical statement of the general problem studied in
this investigation is as follows:

A fluid is flowing under steady-state conditions in a cylinder
of diameter D in which there are a series of obstructions, symmetric about
the axis, evenly spaced at distance S apart. The obstructions as shown
below are defined by the equation

R, = R (X) (1)
where R, 1s the radius of the promoter and X is the distance from the

Y

first point of maximum radius of the promoter.

a - ;- ; ¢

Point of Max-
imum Radius
of Promoter
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Boundary conditions'afé speéified by giving the velocity of the
fluid in the longitudinal and radiél directions, temperatures, and pressures
at some reference point, Zy, i.e. VZ(r,ZO), Vr(r,ZO), T(r,ZO), and
P(r,ZO) are specified, where Z 1is the longitudinal distance down the
cylinder. In addition the wall temperature distribution Twall(z) (or
using the same notation, T(D/Q,Z)) must be given for Z greater than ZO.

The problem is to determine the velocities, temperature, and
pressure at any point: Vz(r,Z), Vr(r,Z), T(r,Z), and P(r,Z). This, in
turn, will either enable the rate of heat transfer and pressure drop to
be calculated or will eliminate the need for such information.

The solution of the Navier-Stokes equations together with the
energy equation subject to the boundary conditions just described should--
inrtheory-—provide the-answer. Unfortunately, there is no known, general
solution to these equations for turbulent flow in even an empty tube--
much less one in which bluff objects have been introduced. The complex)
little-understood nature of turbulent flow makes this approach impossible

at the present time.

Diménsional AnalySis

In dimensionless‘fofm the rate of heat transfer can be expressed
in terms of the Nusselt number
Nu = hD/k (2)

where the heat‘transfér coefficient h is defined as
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The overall pressure drop can be expressed in terms of the

following dimensionless ratio called the friction factor

_ 8D T
f 20 Ug ['Lé} (*)

For a given set of boundary conditions, a given shape of bluff
body, and a fluid whose physical properties can be assumed to be independ-
ent of temperature, the specification of the rate of heat transfer and
pressure drop should be a function of the following dimensionless variables:

1. Dimensionless flow rate, Re = DpU/u

2. Prandtl number, Pr = cp/k

5. Ratio of promoter diameter to tube diameter, d = Dp/D

L. Ratio of promoter spacing to tube diameter, s = S/D

Pressure Drop of Turbulence Promoters Based on Drag

of a Single Bluff Body

One approach to the problem of predicting the pressure drop for
a combination of bluff body turbulence promoters is to assume that the
pressure drop for a series of bluff body promoters is composed of two
parts: 1) drag on the tube wall which would be present even if there
were no bluff body, and 2) form drag of the bluff body.

The preésure drop due to drég on the tube‘that would be present

in a length S of the empty tube containing a single bluff body is

2
2f~ p U5 8
_APET =_0 _ (5)
g D

B QfO o U2 s
e
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The pressure drop due to the form drag of the body may be expressed

2
e, = D Toax fp (7)
orm > A
€c “tube

- fD Q U2 d2 (8)
28, (1 -a

where projected area of the promoter

o

Atube = cross-sectional area of the tube

(@]
i

mean superficial velocity at point of minimum
free ares

max

Hh
1

D= effective drag coefficient
The total pressure drop is

_2f o U
~DPypg1 = B (9)
gC

where f = friction factor for turbulence promoters based on
the inside tube diameter and the mean velocity in
the empty tube

' 2
sroPs 2700 " s _Tpe * a
2)2

then

Ec €c 2 g, (1-a

£ I Y
2o = || — (12)

The preceding analysis is quite simplified. One would not

expect fD above to have the same value as the drag coefficient measured

in an infinite fluid of uniform velocity. Furthermore, fD should be a

function of spacing s , since as the promoters get closer and closer
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together, their wakes will start interfering with each other and the drag

coefficient should decrease. The coefficient fp should also be a func-
tion of the diameter ratio d since it involves or includes a wall effect.
For these reasons the coefficient fD will, henceforth, be referred to as

an "effective drag coefficient".

If the fraction free area Af is defined as
Ap = (1-62) (13)

then a trial correlation for the rate of momentum transfer might be made

by plotting the effectivé :drag coefficient

b a2
£ = £ ° [f - fo] (14)
52

versus s, d, and Reynolds number.

Review of Previous Work

Empty Tube--the Limiting Case of Infinite Promoter Spacing or Zero
Promoter Diameter

When the spacing becomes infinite or the diameter of the pro-
moter goes to zero, the geometry reduces to the case of an empty tube.
This case has been the subject of a very large number of theoretical and
experimental investigations which are well summarized by McAdams<28) and
Knudsen and Katz(Ee).

A generally accepted empirical correlation for the friction

factor in a smooth tube is that given by Nikuradse<35l

L =10 log,, (Re fl/e) - 0.k0 (15)

NE
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This is the quantity used throughout this dissertation when referring to
the friction factor fO for the empty tube.

In addition, correlations for the friction factor in an empty
tube which are useful because of their explicit nature include that of
Blasius(5>

£ = 0,079 Re™0°27 (16)

and that of Colburn<lo> based upon the j-Tactor

£ = 0.046 Re™0+20

(27)
The generally accepted empirical correlation for the Nusselt
number is that given by Sieder and Tate(BB)
Mu = C, Re0-8 Prl/5 (u/uw)o°lu (18)
valid for Re > 10,000 and Pr > 0.70.
Sieder and Tate give a value of 0.027 for 02, Bird, Stewart, and Light-
foot(LF> suggest 0.026, McA.dams<28> recommends 0.025, and Drexel and

McAdams(lh) correlated data for air with a constant of 0.021.

Tube with a Solid Rod in the Center--the Limiting Case of Promoters
at Zero Spacing

When the promoter spacing goes to zero, the geometry reduces to
the case of flow in an annulus. Data for an annulus are generally cor-
related with Nusselt numbers, friction factors, and Reynolds numbers
defined on the basis of the velocity in the anhulus and some equivalent
diameter, This leads to confusion when compared with results for an

empty tube or a tube with a set of turbulence promoters whose spacing is

not equal to zero. In this later case data are generally correlated on

the basis of the superficial velocity in the empty tube and the inside
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tube diameter. In the interesf of clarity the following conventions will
be adopted for this presentation.

1. The terms Re, f, Nu, and D will refer to values evaluated
using the inside tube diameter D and the superficial velocity U based

on flow in the empty tube. In other words,

u=_2W (19)
p T D2
-DpU
Re - (20)
by
D) (21)

1

Ny = &2 (2)

2. The terms Re¥*, f¥*, Nu¥, and D¥ will refer to values eval-
vated using an equivalent diameter D¥* and the mean velocity u in the

annulus. In other words,

u = L (23)
p n D (1-d°)
o = D* /D (2k)
Re¥ = QfEB_E (25)
_ _bkopxw (26)
u m D% (1-d9)



=12-

- 21%32? (27)

e B P w2 (1-¢2) p* px A (28)
20 e Lpg

= (-2 ar (29)

Nu¥ = th_* (30)

= o Nu (31)

Various correlations have been proposed for pressure drop in an

annulus. Knudsen and Katz(ge) recommend

£% = 0,076 Re*™0:2D (%2)

with Ca=1-4 (322)
Davis(12> gives

£% = 0,055 (1-d)70+10 Rex=0.20 (33)

with @=1-4 (532)

Whalker, Whan, and Rothfus<42) present

£% = 0,079 Re*-0.25 (34)
2
Q=1 +§(__;dd> (34a)
(26)

Lohrenz and Kurata have recenfly presented a graphical

correlation of f* vs. Re¥* based on

1/2
o =1+a°+ _____(l'de) (35)
An d

Their definition of equivalent diameter (i.e. @) has the advantage that,
when plotted on logarithmic coordinates, all friction factors for laminar
flow fall on the same straight line defined by

px = 16 (36)

" Re¥
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and the critical Reynolds number where flow deviates widely from laminar
behavior occurs at Re* = 2300. TFor fﬁlly developed turbulent flow, how-
ever, (Re* > 10,000) this correlation yields a family of lines, each
corresponding to a different diameter ratio d. Lohrenz and Kurata present
lines only for the limiting values of & = 0 and d = 1.0 and one inter-
mediate value corresponding to d = 0.33. In order to compare their
graphical correlation quantitatively with other correlations for annuli,
it is necessary to have an equation for interpolation. The following is
suggested for the equivalent Reynolds number range 10,000 < Re¥* < hO,OOO°
£% = 0.079 F(d) Rex™0+22 (37)

where F(d) is a tabulated function of d given in Table I.

Meter and Bird<29) propose on semi-theoretical grounds the

following equation

2 =) 10 &é(d)Re* Jo#| - H(d) (38)
T %10[, i
with a=1-4 (38a.)
we pla) = —L 1+ a2 4 (105 (38b)
(l—d)2 ln d

where G(d) and H(d) are complicated functions of d whose values

are tabulated in Table I.

Because of the different definitions of equivalent diameter
used by different investigators, it is difficult to compare directly the
various correlations of f* vs, Re¥., This difficulty can be eliminated,
however, by converting all of the equivalent friction factor correlations

of the form f¥* vs. Re¥ to the type ordinarily used in empty tubes,
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TABLE T

FUNCTIONS F(d), G(a), AND H(d) USED IN EQUIVALENT FRICTION FACTOR
CORRELATIONS FOR ANNULI

d F(a) c(a) H(d)
0,00 0.918 L. 000 0.400
0.05 0.918 3. 74T 0.29%
0.10 0.910 3.736 | 0.239
0.15 0,903 3.738 0,208
0.20 0.881 3. 746 0,186
0.30 0.853 3,771 0,154
0.40 0.830 3,801 0.131
0.50 0.817 3.833 0.111
0.60 0.807 3.866 0,093
0,70 0,798 3.900 0,076
0.80 0.779 3.9%3 0,060
0.90 0.771 3,967 0,046

1.00 0.762 4,000 0,031
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f vs. Re, by using the relations

O Re

Re¥ = (27)
1-4°
R
£ i (39)

In other words, for a given mass flow rate of fluid in the

annulus the Reynolds number may be calculated using

Re = (21)

Then, using any particular correlation for which & is specified, Re* may
be calculated, f¥ may be obtained as a function of Re¥* from the correla-
tion, and the value converted to f for comparison with other correla-
tions.

This was done for each of the five correlations, using various
values of diameter ratio d and Reynolds number Re. In addition, the
friction factor was calculated using the Blasius equation (16) and the
hydraulic radius. In effect, this is simply one more correlation of the
form

£% = 0,079 Re*~0:22 (40)

il

with a = 1-4 (40a)
The comparison is shown in Figure 2. To eliminate the wide
variation of f with d at a given Reynolds number, the ratio of the
friction factor f obtained using each of the five correlations to that
obtained using Equation (40) is plotted. This is the same as plotting

the ratio of the pressure drop (for flow through the annulus at a given
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mass flow rate) predicted by each correlation to that predicted by
Equation (40). It can be seen that the correlation of Walker, Whan, and
Rothfus(ug) agrees very well with that of Meter and Bird(29>. The corre-
lation of Lohrenz and Kurata(26) predicts pressure drops about ten per
cent lower than that of Walker, Whan, and Rothfus, but this could well be
due to the difficulty in interpolating their plot for different values of
d. Considering the reliability of the data, any of the three correla-
tions is probably acceptable.

Lohrenz and Kurata's choice of equivalent diameter has the
advantage of correlating all diameter ratios with a single curve in the
laminar region and of predicting a single value of the equivalent Rey-
nolds number Re¥* forqtransition from laminar flow, but it has the dis-
advantage of producing separate lines for each diameter ratio in the
turbulent region and the correlation suffers from lack of an analytic
expression for calculating the friction factor. Walker, Whan, and
Rothfus' correlation on the other hand, has the advantage of producing
a single curve for all diameter ratios in the fully developed turbulent
region, but of producing separate lines in the laminar region and sep-
arate transition equivalent Reynolds numbers Re¥* for each different
value of d.

Much less has been done on the study of heat transfer to a
fluid flowing in an annulus than on pressure drop. This is particularly

true for heat transfer to the outside wall of the annulus.

Barrow(g) made a theoretical study of convection heat transfer

coefficients for turbulent flow between parallel plates in which the
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heat flux at each wall was arbitrary. The assumptions were: 1) constant
eddy diffusivity of heat over the channel, and 2) the thermal diffusivity
was negligible compared with the eddy diffusivity.

He defined q as the rate of heat transfer at one plate and
na as the rate of heat transfer at the other plate énd obtained the fol-

lowing expressions for the Nusselt number

7/8
No = 0,1986 Re / Pr (41)

5.0% (2 + q) Rel/8 + 9,7u (Pr - (2 + 7)1

at the plate where the rate of heat transfer is q, and

Iy = 0.1982 re7/8 pr (42)
5.0%5 (2 + 1/q) Rel/ + 9,74 [Pr - (2 + 1/7)]

at the plate where the rate of heat transfer is 1q.

For n = -1, corresponding to symmetrical heating or cooling
(i.e. equal rate of heat transfer at each Wall), the Nusselt numbers are
the same and agree well with

Nu¥ = 0,023 rex0-0 p0-H (43)
where O = 1 - d.

However, with n = O (corresponding to heat transfer at one wall
only, which is the case of interest in this study) the Nusselt number
predicted by Equation (41) is about 30 per cent lower than the value
given by Equation (43) at a Re¥* = 10,000.ard 40 per cent lower at Re* = 40,000.

Only one set of data for heat transfer to the outside wall of
an annulus could be found in the literature: that of Monrad and Pelton(50>
for a solid rod in the center of a tube with a diameter ratio d of

0.541. On the basis of their data they propose
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Nu* = 0.023 Rex0-8 ppd (h4)
with Q=1-4d (bha)
and n = 0.3 for cooling

n = 0.4 for heating

Turbulence Promoters

In this section a review of previous experimental studies of
different types of turbulence promoters will be presented in chronolog-
ical order. The work done by Koch<25) which will be described in its
place is the only extensive work done on bluff-body turbulence promoters.

Because of the extensive work done with rough tubes, and because
roughening elements are usually placed in a different class from other
types of turbulence promoters, no attempt is made to review the experi-
ments on the effect of roughness of the tube wall. A complete summary
of previous work done in this field, however, is provided by Nunner<5u>.

(%6)

Royds' work reported in 1921 is apparently the earliest.
His equipment consisted of a horizontal, double-tube heat exchanger. Hot
air on the inside was coqled by water on the outside. The inside diameter
of the inside tube was 2-5/8 in. The length of the test section was
about 7 ft; no hydrodynamic entry length was provided.

The turbulence ?romoters (or retarders as he called them) for
which results were presented consisted of twisted metal strips of differ-
ent pitch. The strips were 1-15/16 in. by 0.10 in. Apparently they
rested on the bottom of the tube.

The experimental data were not presented, but overall heat
transfer coefficients were plotted. In the pressure drops reported, the

change in kinetic energy due to the change in temperature of the air was

not taken into account.
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Royds' general conclusion was that his retarders increased the
rate of heat transfer, but were slightly less efficient when the energy
required for pumping is compared with that for plain tubes.

Colburn and King< 9) presented their results in 1931. Their
test section was a 3 ft. horizontal length of 2—5/8 in. steel tube through
which hot air was passed. The air was cooled by water flowing through a
1/4 inch copper coil soldered around the tube.

Ten turbulence promoters of the following designs were tested:

2 large twisted steel strips

3 small twisted steel strips

2 copper wire spirals

1 propeller-shaped brass baffle

1 set of copper wire spirals
Although it is not clear how the turbulence promoters were supported in
the tube, it is most l;kely that they rested on the bottom of the tube.

Data were obtalned and overall heat transfer coefficients
determined for a Reynolds number range of about 3,000 to 10,000. No
hydrodynamic entry length was provided; the air entered the test section
directly from a‘mixing chamber,

The general conclusions were: 1) heat transfer coefficients
can be materially increased by the use of baffles, etc. 2) values for
almost any type of packing of baffle lie on the same curve of heat trans-
fer vs. pressure drop, so that if the pressure drop for a new baffle is
known, the heat transfer coefficient can be estimated.

Nagaoka and Wantanabe(Bl) also published their results in 1931.

The equipment consisted of a horizontal, double-tube heat exchanger in

which water on the inside was heated by hot transformer oil on the outside.
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The inside tube had an inside diameter of 1.06 in. and a length of
5.57 ft. A hydrodynamic entry length of 3.28 ft. was provided.

Twenty-two different turbulence promoters were tested. Each
consisted of wires of va;ious shapes wound in spiral coils such that the
outside diameter of the éoil was the same as the inside diameter of the
tube. Approximately five flow rates were tried with each promoter, cov-
ering a range of Reynolds number of 4,000 to 20,000. Overall heat trans-
fer coefficients were given.‘

Colburn(ll) reviewed in 1942 the data and results of both his
earlier work with King and the work of Nagaoka and Wantanabe.

Seigel reported his Work(59> (which primarily concerned appli-
cations to air-conditiqning and refrigerating coils) in 1946. Data were
taken for heating water in a 5/8 inch outside diameter horizontal copper
tube. The water was heated by passing an electric current through the
tube.

Three types of promoters were tested:

1. twisted copper strips 0.02 inches thick
2. spiral wire spring
3. 3/8 inch copper tube with sealed ends

?he test section was 10 ft. long with no hydrodynamic entry
length. Nd data on the pressure‘drop were reported; overall heat trans-
fer coefficients were plotted és a function of water flow rate in GPM.

The general conclusion of Seigel was that spiral springs gave
the biggest increase in heat transfer and the pressure drop was least

when the distance between turns was largest.
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Measurements made by Evans and Sarjant(l5) for cooling of high
temperature gases were reported in 1951. Air, heated electrically, was
cooled by water flowing through copper tubes coiled around the tube.
Turbulence promoters tested were:

1. a two inch salid rod centered in the tube for
one set of data and resting on the bottom for
another

2. twisted metal strips 2-1/2 inch by 3/%2 inch
(pitches of 1/7, 1/9, 1/12, and 1/1k4)

The solid rods did not extend for the complete length of the
test section. This uncertainty in the geometry as well as the complica-
tions of high temperature makes it very difficult to compare their results
with the results of others.

(27)

Margolis obtained data in 1957 using two different fluids:

water and air;.his déta are presented and discussed by Kreith and Mar-

golis(gu’25>.

The equipment consisted of a horizontal, single-pass heat
exchanger in which the fluid was heated in the tube by condensing steam
on the outside. Two inside diameters of tubes were tested (0,55 in. and
1.12 in.). |

The test section was 42 inches long with no hydrodynamic entry
length between the mixing chamber and the test section. Overall heat
transfer coefficients were obtained for nine different turbulence promoters

consisting of the following:

% twisted strips of metal
6 wire coils

About seven flow rates were tried for each promoter covering a range of

Reynolds number from 1,000 to 10,000.
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Some of the conclusions were: 1) the rate of heat transfer per
unit area in vortex flow is considerably larger than in axial flow through
straight tubes and ducts; 2) a qualitative difference exists between the
results for air and water which is difficult to explain; 3) the effect
is due largely to the centrifugal force which is present.

Koch(25) published in 1958 data for turbulence promoters using

the same equipment which Nunner(5h> used to study the effect of roughness.
The equipment consisted of a horizontal tube in which air was heated by
condensing steam on the outside of the tube. The test section was 3.21 ft.
long and the tube had an inside diameter of 1.97 in. A hydrodynamic entry
length of 8.19 ft. was provided.

Overall heat transfer coefficients were determined for the fol-
lowing types of turbulence promoters:

14 orifices
10 disks

L propeller devices

2 rings

3 twisted strips of metal
L types of packing material

In addition, some velocity distributions and wall shear stress
measurements were made for a few orifices.

The general conclusion was that twisted metal strips, orifices,
and propeilers were most effective. The use of turbulence promoters is
economical in some éases.

. (17,18)

In 1960 Gambill, Bundy, and Wansbrough reported the

results of a comprehensive study of the effect of twisted metal strips on

heat transfer and pressure drop to water flowing in a tube. Data were

taken for non-boiling heat transfer, boiling heat transfer, and burnout.
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A series of inside tube diameters ranging from 0.136 to 0.249 inches was
studied over a Reynolds number range of 10,000 to 200,000, No special
entry length was provided for the twisted tapes.

In 1962 Gambill and Bundy(l9) presented additional heat trans-
fer results obtained using the same equipment as for their previous work,
but with ethylene glycol as the working f;uido An overall correlation
was obtalned for predicting heat transfer rates and friction factors for
any tube containing twisted metal strips using any fluid with Prandtl
number greater than that of air.

Miscellaneous Related Studies

This section presents a review of several investigations which,
although they did not study directly the effect of turbulence promoters
on the rate of heat trénsfer and pressure drop to a fluid flowing in a
tube, have fesults which pertain in part to the problem.

Kemeny and Gyphers<21> presented experimental data on the rate
of heat transfer and pressure drop from water to the inside tube of an
annulus with surface spollers. The surface spoilers consisted of hoth
semi-circular protrusioné,and depressions wound helically around the tube.,
A very gooa presentation of the economics of‘artificially increasing the
heat transfer at the expehse of pressure drop is given.

Sundstrom and Churchill(ho) and Zartman and Ghurchill<45) as
part of separate studies of heat transfer from gas flames in a cylindri-
cal burner measured local rates of heat transfer from hot air to cold
water flowing outside the tube. The flow was disturbed by the presence

of a single, disk-shape bluff-body flame holder centered in the burner.
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Sundstrom and Churchill's tube was one inch in inside diameter, the flame
holder provided 48 per cent free area and the Reynolds nu@ber varied from
5,000 to 20,000. Zartman and Churchill's tube was five inches in inside
diameter; data were taken for several hoiders with free areas less than |
10 per cent. The Reynolds number was at lM;OOO for each case.
Boelter, Young, and Iverson(6) determined local heat transfer

rates to air in the entrance region of a tube for a wide variety of hydro-
dynamic entrances, some of which might be classed as turbulence promoters.

(16)

Faruqui and Knudsen measured heat transfer rates in short

tubes in which the flow upstream had been obstructed by orifices.



EXPERIMENTAL APPARATUS AND PROCEDURE

The apparatus was designed to obtain accurate local convective
heat transfer coefficients and values of the overall pressure drop for
water flowing in a tube. The equipment was constructed in a manner to
allow any arbitrary devices to be easily inserted in the center of the
tube. A vertical direction of flow was chosen to provide symmetry about

the axis.

Description of the Equipment

The essential parts of the equipment are: 1) water supply and
metering system, 2) electrically’heatea test section, 3) thermocouples
and accessories, and 4) manometer assembly.

Figure 3 is a photograph of the overall view of the equipment
showing the rotameters, manometers, and control panel, TFigure L is g
closeup of fhe test section. Figure 5 is a closeup of the thermocouple
switches and recdrding potentiometer. Each part of the equipment will

be described in turn.

Water Supply and Metering System

The best illustration of the water supply and metering system

1s given by Figure 6, the schematic diagram of the apparatus. Water
enters the9apparatus from the city water lines and is metered by one of.
four rotameters. It then flows through the vertical test section from

top to bottom and is discharged into the city drain lines. The flow
rate and gage pressure are regulated by valves at the inlet and outlet

of the equipment.

w26 -



Figure 3. Photograph of
Overall View of
Equipment .

Figure 4. Photograph of
Closeup of Test
Section.

Figure 5. Photograph of
Thermocouple Switches
and Recording Potentiometer.
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The rotameters were calibrated by measuring the time required
for a given weight of water (wéighed on scales) to pass through the equip-
ment at several flow rates. Calibration curves and their equations are
given in Appendix A.

The inlet and outlet:water temperatures are measured with thermo-
‘couples immediately before and after the test section. In each case, prior
to having its temperature measured, the water flows through a packed bed
2 inches x 10 inches filled with 5/8 inch Raschig rings to insure good
mixing.

Electrically Heated Test Section

Figure 7 is a diagram of the test section which consists of a
stainless steel tube 119.88 inches in length with an inside diameter of
1.005 inches and an butsid.e diameter of 1.240 inches. The first 49.69
inches serve as aihydrodyhamic calming section. The next 6L4.34 inches are
the heating section. The‘final‘5.85 inches act as an outlet section. The
test section is connected to the water supply and metering system by two
1-1/% inch tube connectors.

Heat is generated electrically in the heating section by pass-
ing an electric current through the tube wall. The current is generated
by a 12 volt, 5000 amp d.c. generator whose output can be varied from L
to 36 kilowatts. The electrical terminals at the extremes of the heat-
ing section are copper bus bars 4 inches wide and 5/4 inches thick. Holes
were drilled in the center of the bus bars approximately two inches from
each end and the steel tube was silver soldered to the bus bars. As can

best be seen from the detailed diagram in Figure 7 the bus bars were
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bent at right angles and provided with bolts so that the test section
could be easily disconnected from the generator.

The heating section is insulated electrically from the water
supply and metering system by a one foot length of l-l/h inch plastic pipe
which serves as the final section of the inlet water pipe.

The entire test section from the measurement of the inlet water
temperature to the measurement of the outlet water temperature is thermally
insulated with Fiberglas insulation 1-1/2 inches thick.

The electric current through the heating section is measured by
noting the emf (in milli#olts) across a 5000 amp shunt. This emf is
measured with a Leeds and Northrup 8662 precision portable potentiometer.
The voltage across the heating section is measured with a d.c. voltmeter.

Thermocouples and Accessories

The outside wall temperature of the heating section is measured
at 22 axial stations at one angular position with copper-constantan
thermocouples. In addition at three of the 22 axial stations temperatures
are measured at two other angulaf positions, each 120 degrees apart. A
list of the locations of‘the therﬁocouples relative to the other items
comprising the test section is given in Téble IT.

The thermocouples are held in place by an epoxy resin and are
insulated electrically from the héating section by a thin (0.002 inch)
sheet of mica.

The thermocouple emfs may be measured one of two ways: First,
by the 8662 potentiometer; or second, by a Leeds and Northrup 20 point

AZAR Speedomax recording potentiometer with arbitrary zero and arbitrary
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TABLE IT

POSITION OF THERMOCOUPLES ON TEST SECTION
RELATIVE TO OTHER ITEMS

Longitudinal Position Angular Position
Ttem (Tube Diameters) (Degrees)

Top of Tube -49, Lk -
Pressure Tap -12.%5 -
Bus Bar 0.00 -
(Beginning of Heating) ‘

Thermocouple 1R 1.49 0
Thermocouple 2R 5.41 0
Thermocouple 3R 9,42 0
Thermocouple 4R 13,40 0
Thermocouple 5R 17.41 0
Thermocouple 6R 22.17 0
Thermocouple TR 25,34 0
Thermocouple &R 29,32 0
Thermocouple 9R 3%.30 0
Thermocouple 20L 34,30 0
Thermocouple 19L 35.30 0
Thermocouple 18L 36,29 0
Thermocouple 10R 37.28. 0
Thermocouple 17L 38.28 0
Thermocouple 16L 39.28 o
Thermocouple 15L Lo,28 0
Thermocouple 11R 41.20 0
Thermocouple 12R L5.27 0
Thermocouple 13R 49,22 0
Thermocouple 14R 53 .26 0
Thermocouple 15R 57.28 0
Thermocouple 16R 62.47 0
Thermocouple 14L 3l ,30 120
Thermocouple 13L 36.29 120
Thermocouple 12L : 38.28 120
Thermocouple 11L 3L.30 240
Thermocouple 10L 36.29 2ho
Thermocouple 9L 38,28 240
Bus Bar 64,02 -

(End of Heating)
Pressure Tap 65.67 --

Bottom of Tube 69.84 -
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range. By use of 20 double-pole-double-throw knife switches, the AZAR
recorder is able to record up to 40 thermocouple emfs.

The thermocouples ﬁere calibrated prior to use using a constant
temperature oil bath and precision thermometers calibrated by the U. S.
Bureau of Standards over the range from 40 deg. F to 250 deg. F. The
calibration agreed with that appearing in the International Critical
Tables(52).

Manometer Assembly

Pressure taps are located 12.41 inches before and 1.66 inches
after the heating‘section making a total distance between taps of 78.41
inches. The holes are l/l6 inch in diameter; connections to the manometer
assembly are made with ;/4 inch copper tubing silver soldered to the
outside of the test section. The manometer assembly is insulated electri-
cally from the heating section by using a 12 inch piece of plastic tubing
for the connection in place of the copper tubing at one point in the
system.

The manometers consist of two vertical, 100 inch, single-tube,
King manometers. The first contains mercﬁry as the indicating fluid;
the second used an organic oil of specific gravity 1.750 (referred to as
PurpleiFluid). A pressure gage is connected to measure the gage pressure
at either the inlet_or outlet to the heating section. With the apparatus
pressure drops from 0.02 to 60 psi could be measured with reasonable
accuracy.

Description of the Turbulence Promoters

Easy insertion of arbitrary devices in the center of the tube

required the following features: 1) that it be easy to disconnect the
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test section from the rest of the equipment; and, 2) that there be a
relatively simple method of centering the devices in the tube.

In order to disconnect the test section, the following steps
were necessary:

A. All water to the system was turned off and the drain valve
opened to drain water from the apparatus.

B. The tube connector at the top of the stainless steel tube
was disconnected.,

C.. Both pressure tap connections were disconnected.

D. Four bolts were removed from the bus bar connectors at the
top and bottom of the heating section.

E. The test section was swung down into a horizontal position
on the floor where theqbottom tube connector was disconnected and the
test section moved away. A swivel joint was provided at the floor Just
below the test section so that thé test section could be rotated down.

This whole procedure coﬁld be done in less than 30 minutes.
Reassembly of the equipment also required approximately 30 minutes and
consisted of doing the opposite of the above steps in reverse order.

Provision was made for centering a 1/8 inch rod in the tube and
keeping it in tension. Thus, any arbitrary device could be mounted in
the tube so long as it could be attached to the 1/8 inch rod.

Two brass spiders were provided at each end of the stainless
steel ﬁube as shown in the detailed diagram of Figure 7. The 1/8 inch
rod (usually made of brass) was threaded at each end and could be put in

tension in the center of the tube by passing each end through the spider
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and tightening the nuts on the end. A teflon bushing in the spider and
use of rubber washers made certain that the rod was insulated electrically

from the heating section.

Since the 1/8 inch rod was mounted vertically, centered at each
end of the tube, and held in tension, any device centered on the rod was
centered in the tube when the rod was in plaqe. Fach of the three types
of devices: disks, streamline shapes, and solid rods will now be described
and the method of mounting them on the rod will be explained.

Disks were prepared having diameters of 5/8, 3/4, and 7/8 inches
and a thickness of 1/8 inch. ‘They were.machined from nylon rod and a hole
slightly larger than l[8 inch was drilled in the center of each. The disks
were held in place on the centering rod with two aluminum collars, 1/4 inch
in diameter, before and after each disk. The collars were held in place
with a small set screw; A diagram of the disk and method of mounting it
on the rod is shown in Figure 8.

Streamline Shapes

. The 'shapes, while resembling teardfops, were actually composed
of a cone tangent to a sphere. This is illustrated in Figure 8 with the
important relative dimensions noted.
The shapes were machined from nylon rod and had diameters (at
the point of maximum diameter) of 5/8, 3/4, and 7/8 inches. A hole slightly
larger than 1/8 inch was drilled in the center of each shape so that it
could be mounted on the rod. Each shape was held in place on the rod by

a small set screw. As an added precaution to insure that the devices
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Figure 9. Photograph of Individual Turbulence Promoter Shapes Used.

Figure 10. Photograph of & String of Disks and a String
of Streamline Shapes.
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were centered, three aluminum pins (3/52 inches in diameter) were in-
stalled at the point of maximum diameter of the shape. The pins were
120 degrees apart, extending far enough so that when the shape was mounted

on the rod in the tube, the pins just touched the tube wall, holding the

device in place.

Figure 9 is a photograph of the six individual bluff-body tur-
bulence promoters (i.e. disks of three diameters and streamline shapes of
three diameters) utilized in this investigation. One turbulence promoter
combination, by definition, consists of a string of individual bluff bodies
all of the same shape and diamgter spaced an equal distance apart. An
illusﬁration of a combination of disks and a combination of streamline
shapes is shown in the photograﬁh of Figure ioo»

The 21 differént bluff-body turbulence promoter combinations
used in this investigation are itemized in Table III. An attempt was made
to choose the number of promoters such that the:total length of the string
of promoters was 48 inches (which is almost exactly the same as 48 tube
diameters). For various reasons, however, as noted in the footnotes to
Table IIT it was necessary to use aiéhbfter string of pfomoters in some
cases. The variation in the length of the string of promoters used in
the experimental measurements in no way impairs thé usefulness or genéral—
ity of the data. Since local heat transfer coefficients were measured,

the total length of the string is immaterial; it is necessary only to

obtain data near one representative promoter or group of promoters. As
will be shown later, the variation in length of the string of promoters

was corrected for in the calculation‘of friction factors.
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TABLE III

BLUFF-BODY TURBULENCE PROMOTER COMBINATIONS USED
IN THIS INVESTIGATION

Sha,pe a 5 Bp  Length of String
Disk 0.625 12 L 48
Disk 0.750 12 L 48
Disk 0.875 12 L 48
Disk 0.625 8 6 48
Disk 0.750 8 6 48
Disk 0.875 8 6 48
Disk 0.625 L 12 48
Disk 0.750 L 12 48
Disk 0.875 L 8 3%
Disk 0.625 2 11 20%%
Disk -~ 0.750 2 11 Do¥ ¥
Disk _0.875 2 8 16¥
Streamline Shape 0.625 12 L 48
Streamline Shape 0.750 12 L4 48
Streamline Shape 0.875 12 L 48
Streamline Shape 0.625 8 6 48
Streamline Shape .  0.750 8 6 48
Streamline Shape 0.875 8 6 48
Streamline Shape 0.625 L 6 oLx¥
Streamline Shape 0.750 I 6 2lxx
Streamline Shape 0.875 L 6 olyx*

* Total length of string of promoters shortened because of
excessive pressure drop which would result, reducing maximum
flow rate which could be obtained.

*% Total length of string of promoters shortened to save the
expense and effort of fabricating a large number of shapes.
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The first type of solid roq tested Was simply theLl/B inch
brass rod used to mount the disks and streamline shapes.
The second type of solid rod tried was a 1/4 inch threaded
brass rod. The rod was mounted (noi in tension) using a special spider
at the top only and centered with three teflon centering spiders, each
held in place with nuts threaded on the rod. These tests were originally
made with the idea of using a threaded rod to mount the disks and stream-
line shapes. Although.this proved impractical, the data fall in the same
class as the other data for solid rods and seem worthy of presentation.
The third type of solid rod tested consisted of 5/8 and 3/
inch brass rods. At e@cn‘end'of the rods 1/8 inch holes were drilled in
the center and threaded so that studs could be screwed into the rod and
used with the brass spiders to center the rod at each end of the tube.
At two points along the rod (dividing the rod approximately into thirds)
two l/8vinch holes were drilled perpendicular to the axis of the rod,
each of the two holes being 1/2 inch apart and perpendicular to each other.
Nylon rod segments 1/8 inch in diameter (each one inch long) were inserted
through the holes so that they protruded the same distance on each side
of the rod. The nylon rod segments were held in place by small set screws
perpendicular to each rod. Thus, when the brass rod was in the tube, it

was céntered at two points in addition to the ends.

Description of the Procedure

The procedure used to obtain heat transfer and pressure drop

data will be described for a typical situation.
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The first step (assuming that the equipment was still set up
from a previous run) was to‘remove the test section from the rest of the
equipment as described in the description of the turbulence promoters.
The centering rod on which the turbulence promoter combination from the
previous run was mounted was rsmoved and, if a different diameter or
shape device was to be tested, the old devices were removed from the
centering rod and new ones installed. If the same shape and diameter
devices were to be tested again, but at a different spacing, they were
simply loosened. In either csse, the devices were moved to the desired
position and the necessary set screws were tightened to hold the objects
in place on the rod.

The distance'from the end of the rod to each object was then
measured and recorded on a data sheet. The centering rod was inserted
in the spiders at each end of the tube, the nuts on the end of the rod
were tightened, and the distance from the top of the tube to the end of
the centering rod was measured and recorded. Thus, the distance from
the top of the tube to each turbulence promoter cosld be determined from
the measuremsnts.

Thé test section was then reconnected to the Water supply and
meterigg systém; the electrical terminals were connected; the pressure
taps wefe connecfed and the water was turned on to the system. The water
was always discharged directly to the drain (bypassing the test section)
at maximum flow rate for about 15 minutes to remove any foreign material

that may have accumulated in the pipes.
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The manometer lines were bled to remove any air and the equip-
ment was ready for taking data. Pressure drop data were usually taken
first, by varying the flow rate and recording the rotameter reading, the
manometer scale being used, the manometer reading, and the temperature.
The flow rate was controlled by a valve at the outlet of the equipment so
that back pressure was always maintained on the test section, thus, assur-
ing that the tube was full of water.

| The procedure for taking heat transfer data was more involved.
The first step was to adjust the flow rate of the water through the test
section to the desired value. The d.c. generator was then started and
the voltage set so as to give the desired rate of heat input.

The temperatures throughout the system were observed (either
using the 8662 potentiometer or the AZAR Speedomax recording potentiom-
eter to record the thermocouple emfs) at intervals of about five min-
utes until steady-state conditions were attained (i.e. until the tempera -
tures did not change). For the first run of a session about two hours were
usually required for the system to come to steady state because it took
a long time for the generator and electrical leads to heat up to their
equilibrium temperatures. TFor subsequent‘runs less than 15 minutes were
usually required to achieve a steady state.

When steady state was achieved, the zero and range of the AZAR
recorder were adjusted so that the minimum wall temperature of the tube

was at zero on the recorder and the maximum wall temperature was at about

90 per cent of full scale. Two 8662 portable potentiometers were set so
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that they provided reference emfs which recorded at about O and 80 per
cent of full scale on the AZAR recorder.

At this point the data taking commenced. The follawing items
were recorded on a data sheet: 1) the rotameter number and reading,

2) the manometer scale and manometer reading, 3) the voltmeter scale

and voltage across the test section, U4) the number of millivolts across

the 5000 amp shunt (i.e. the current through the test section), 5) the
inlet water thermocouple reading, 6) the outlet water thermocouple read-
ing, 7) the value of the two reference emfs supplied by the 8662 potentiom-
eter, and 8) one or‘more randomly selected wall temperatures. Items 4,

5, 6; and 8 were obtained using one of the 8662 potentiometers.

The AZAR recorder was then started with all the knife switches
set in the same positién. As.soon as 20 points had been recorded, twelve
of the knife switches (for the twelve channels ﬁhich had two thermocouples
attached to them) were thrown to give additional temperature readings.
After the next 20 points (eight of which were the same) had been recorded,
the knife switches were returned to their original positions. This was
repeated four times so that the 32 different emfs were recgrded four
times.

At this time the original 8 items of data (i.e. rotameter read-
ings, manometer readings, etg.) were measured again and recorded. This
terminatéd a ruh and the generator was turned off, the water rate adjusted
to a new value and the whole procedure repeated for a new run.

Generally, five flow rates were used (or, in other words, five

heat transfer runs were made) for each turbulence promoter combination.
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Data were almost always taken in the evening to minimize any variation

in the water pressure caused by other users in the building turning water

on and off. A complete set of pressure drop data and heat transfer data

at five flow rates could usually be obtained in one evening.

Method of Calculating Heat Transfer Coefficients

The local convective heat transfer coefficient is defined as

n(z) = —2) (15)
T (z) - T (z)
wall by
where 2z = longitudinal distance from beginning of heating (tube diameters)
h(z) = local heat transfer coefficient (BTU/hr - deg F - ££°2)
a(z) = local rate of heat transfer per unit area (BTU/hr - fte)

Twall<z> = temperature-of the inside tube wall (deg F)

H
H
N
~
i

mixed mean temperature of the fluid (deg F)
The general procedure for obtaining these local heat transfer
coefficients from the experimental measurements is as follows:

1. q(z) is determined by measuring the electric current and
knowing the electrical resistance of the tube.

2, Tf(z) is obtainedvfrom an energy balancei The heat added
to the watef is integrated from the beginning of the tﬁbe to z.

e Twall(z).is'obtained by‘meésuring the:outside wall tempera-
ture and calculating the inside wall temperature from solutions of the

conduction equation.

When the electric current passes through the tube wall, gener-
ating heat, a temperature gradient is developed so that the heat will

flow to the inside wall. The differential equation (usually referred
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to as the conduction equation which describes this process is

%% rK% + % K%.+A=O (46)

where T = temperature (deg F)
r = radius (ft)
y = longitudinal distance (ft)

A = rate of heat generation per unit volume of tube wall
(BTU/br - £t9)

K = thermal conductivity of the tube wall (BTU/hr - deg F - ft)

The rate of heat generation A as derived in Appendix B is

A= 5 41276 T°py° (47)
o (1+9m)7® (v° - a%)°
where o = electricdl resistivity of the tube wall, assumed to be a
linear function of temperature (ohm-ft)
p=p, (1+71) (48)
S (b2 - 82)
- _ po (b - a )
and o, = . (49)
20/) b r dr
g 1+yT(r)

The symbol o for electrical restivity will always be written with a
bar over it to distinguish it from the fluid density p .

Equation (46) which is a non-linear partial differential equa-
tion can be simplified considerably and reduced to a non-linear ordinary
differential equation by considering that axial conduction is not impor-
tant. Axial conduction, however, can arise and influence the solution
of (46) in one of two ways: 1) by conduction of heat into the non-
heat-generating portion of the tube; and, 2) by presence of a non-

constant axial temperature gradient at the inside wall. Each of these
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possibilities is considered in Appendix B and shown to produce a neg-
ligible effect.

Therefore, neglecting axial conduction ( = constant) and let-

g1

ting
K= Ky (1 + BT) (50)

then the conduction equation becomes

2 =2
afr,1ar, B [@]ﬂ 3.41276 T P “o (51)
drg rdr 1+ BT |dr 2 Ko po (L+ 7T) (1 + BT)(b2 - a2)2

with the boundary conditions

T'(b) = 0 (52a)
Ta) = T, (52b)
. . 2

Define . AO = _3.11276 17Pm (55)
5o 12 (02 - 82)2

The solution as suggested by Clark<8) is

A 2 2
T(b) - T(a) = % % 1n B (L_E;a_>] (54)
S
2 —
A 38+ 7 + byp Ty (b - a)u

2 Kb_ 6(1 +ym)(1+ BTy )

where, of course, T(a) is the value T n1] ¥hich is required and T(b) is
the outside wall temperature which is measured.

The difference between T(b) and T(a) caused by generstion of
heat in the tube wall is often referred to as Amgeneration'

The rate of heat transfer to the fluid at the inside wall is

found by 1 b
q(z) = é—/ Ardr (55)
a



b7

2

_ 3.41276 po(1 + 7Tp(2))1 (56)
on° (b2 - 32) a
The mean fluid temperature is given by
zZ
2% a . q(z) az (57)
T. = T, + * 57
f inlet W e
or, since q(Z) is very nearly constant
Z
Te = Tintet * T (Toutlet = Tinlet) (58)

Thus, in practice, Equation (56) was used to obtain alz);

Equation (54) was used to obtain T and Equation (58) was used to

all
obtain Tf(Z). A1l data processing was performed on the IBM ok, A

detailed description of the computational method and the numerical values

of the constants in the preceding equations is given in Appendix A.

Method of Calculating Friction Factors

The friction factor is defined as

g, D -
Pe |2 (%)
20 02 1Y
2 >
& T P P -AP (22)
32 W Lp
since U= ———%% (19)
ife)D)
with Lp = distance between pressure taps (ft)
AP = pressure drop (lbf/ftg)

As explained previously, the use of the superficial velocity
U and the inside diameter of the tube D allows the same definition of
f 1o apply for the empty tube, the tube with turbulence promoters, and

the tube with a solid rod in the center.
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It is tacitly assumed, however, that the geometry of the tube
is the same for the entire distance Lp between pressure taps. This is
certainly true for the empty tube and for the tube with a solid rod in
the center. But for the turbulence promoters the string of promoters

occupied only part of the distance between pressure taps. This is illus-

trated below.

[n]
6]

VP
tp

VAP

The desired friction factor for the tube with turbulence

promoters is defined as —

- & D Ty (59)

20 U2 np S

i}

(60)
32 W2 ny, S
This friction factor takes into account only the pressure loss due to
drag of the bluff-bodies and drag of the tube wall for the length of
tube occupied by the string of uniformly spaced turbulence promoters.
Unfortundtely APtp could not be measured, but instead only

the overall pressure drop AP was obtained. An attempt at correcting
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this difficulty, however, was made by estimating the pressure drop due
to the tube wall between the pressure taps and string of turbulence pro-

moters and subtracting it from AP to obtain APtp. Thus ,

2
~ 32 W fo
tp = AP - — (LP - ny S) (61)
go M pD

AP

where fO is the friction factor for empty tubes as calculated using
Nikuradse's correlation equatibn (15) for smooth tubes. This, of course,
neglects the pressure loss due to drag on the 1/8 inch rod (on which the
promoters wefe mounted) in the length of tube for which there were no
promoters. As will be shown later, the difference between the friction
factor for a smooth tube and that for a tube with a 1/8 inch rod in the
center is very small. -For almdst all geometries, the difference between
APy, and AP is a very small per cent of AP . Substituting Equation (61)
into Equation (59) an expression for the friction factor for bluff-body

turbulence promoters which do not occupy the complete distance between

pressure taps is obtained.

f=gcﬂng5 SN R T | R WA N (62)
32 W Lp| mp 8  Ollnp 8
Equation (22) was used'to calculate friction factors for the
empty tube and the tube with a solid rod in the center and Equation (62)
was used to calculate friction factors for a string of turbulence pro-
moters. A description of the computer program used to process the
pressure drop data as well as specific values of the constants in the

preceding equations is given in Appendix A.



EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS

Empty Tube

Pressure Drop

Data were obtained for the empty tube primarily for use as a
check on the reliability of the experimental apparatus and procedure.
Friction factors are plotted versus Reynolds number in Figure 11. They
agree well with the accepted correlation for smooth tubes, Equation (15),
of Nikuradse(33),

Heat Transfer

Sample values of the local heat transfer coefficient h(z)
are presented in Figure 12 as a function of 2z for the empty tube to
illustrate the local variation. The integrated mean value for each case
1s indicated by the solid line. A definite thermal entrance region is
observed extending from 5 to 15 diameters from the beginning of heating.

In some cases the heat transfer coefficient increases grad-
ually throughout the heated section. Both of these effects were noted by
Hartnett(eo) in his experimental study of the entrance region. Although
Hartnett could not account for the gradual increase in the heat tranéfer
coefficient along the tube, the most logical explahation seems to be the
favorable change in the physical properties of the water (particularly
the viscosity) as it is heated. An estimate of the local heat transfer

coefficient, taking into account the change in physical properties of

the fluid is given by

Reg.8 Pr%/5 (u/uw)g'lh

0.8 _1/3 0.1k
Rep,  Prp' " (w/w)p

-50-

b2)ggy = ()
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The subscript =z indicates that the quantity is a local value
evaluated at the local mixed-mean fluid temperature Tf(z). The subscript
m indicates that the quantity is a mean value and has been obtained by
integrating the local value over the entire length of the heated section
(with the exception of the first fifteen tube diameters). The term hm
is the integrated mean value of the measured local heat transfer coeffi-
cients h(z).

The longitudinal distribution of the heat transfer coefficient
due to change in the physical properties of the fluid as it was heated
was estimated using Equation (63) and plotted as a dashed line in Figure
12. It can be seen that Equation (63) satisfactorily explains the gradual
increase in local heat transfer coefficient with increasing fluid tempera-
ture. The solid line in Figure 12 is the value of hm'

It should be noted that in order to use Equation (65) it is
necessary to know the value of h, which must be obtained from the data.

The form of Equation (63) is such that when h(z) is integrated, the

est
resulting mean value is forced to have a value of hm'

In some cases the local heat transfer coefficients "scatter"
slightly. This scatter appears to be random and is probably due to
errors in reading thermocouples.

Nusselt numbers based on the overall integrated mean heat trans-
fer coefficients are presented in Figure 13 versus Reynolds number. The
values have been divided by Prl/B(u/uw)O'lLL to reduce the effect of phys-
ical property variation. It is seen that the results agree well with

38)

the Sieder-Tate equation( in the region of Reynolds number greater
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than 10,000 for which the Sieder-Tate equation is valid. As would be
expected, in the Reynolds number range Re < 10,000 corresponding to the
transition region of flow for heat transfer the data points fall below

a line extrapolating Equation (18).

Solid Rod in the Center of the Tube

Pressure Drop

Friction factors defined by Equation (22) are plotted in
Figure 14 as a function of the Reynolds number (h@/u D). This method
emphasizes the variation in pressure drop with geometry at the same mass
flow rate. The rod with d = 0.7> gives a pressure drop over 20 times
that of the empty tube, while the rod with d = 0.125 increases the
pressure drop by only dgbout fifteen per cent.

In Figure 15 the results are compared with the equivalent friction
factor correlation for annuli recommended by Lohrenz and Khrata(26>. In
this casebthe friction factors and Reynolds numbers are based on an equi-
valent diameter and the mean velocity of the fluid in the annulus. In

other words,

% = (1-a%)2 o £ (29)
Re¥ = % Re (27)
(1-a%)
2,| 1/2
o = {l +a° + (;dd> (35)

The data fall between the lines corresponding to the limiting
cases of d =0 and d =1 and are well within the reliability of the

correlation as stated by Lohrenz and Kurata(26). The effect of roughness
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on the results for the threaded rod is quite noticeable in this method
of presentation.

Heat Transfer

Sample values of the local heat transfer coefficients are plotted
in Figures 16, 17, and 18 for the solid rods. For each of these rods
there were at least two centering supports: one located before the heated
section and one located somewhere within the heated section. Some of the
local values of h are not considered representative because they arééin
the thermal entrance region or because they were increased due to disturb-
ances in the flow near a centering support. These points are indicated
by dashed circles and were not used in computing the mean value indicated
by the solid line.

Some of the same features are noted in the plots of h(z) vs. z
that were noted in the results for the empty tube--particularly the increase
in h as the fluid is heated.

In many cases the effect is accentuated because the change in
Physical properties may cause a variation in the local Réynolds number
such that the flow at the outlet of the heated section is in the fully
developed region of flow (Re¥ > 10,000) whiie the local Reynolds number
at the;inlet is in the transition region (2300 < Re¥* < 10,000).

Equation (65) can not predict the effects of a change in
regime of flow caused by a change in the physical properties of the
fluid. The reason is that Nu* is roughly proportional to Re* in the
transition region of flow, while it is proportional to Re*o'8 in fully

developed turbulent flow. Accordingly, it is noticed that the biggest
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failure of the dashed lines to explain the increase in heat transfer
coefficient as the fluid is heated occurs at the smaller values of Rey-
nolds number. (yggg: The transition region of flow, 2,300 < Re¥ < 10,000,
corresponds to 5,000 < Re < 21,190 for d = 0.750 and corresponds to
3,000 < Re < 14,700 for d = 0.125,)

The variation in local heat transfer coefficient caused by
changes in the physical properties, however, produces effects which are v
scarcely noticeable when the local coefficients are integrated to obtain
mean values.

The dependence of Nusselt number on Reynolds number for the
solid rod geometry is indicated in Figure 19 for different values of
the diameter ratio d. For the solid rod with d = 0.125 the Nusselt
number is actually lesé than (or equal to) that for the empty tube at
the same Reynolds number, while for the rod with d = 0.750 it is over
two times the value for the empty tube at Reynolds numbers greater than
20,000. The effect of the transition region of flow at low Reynolds
numbers is quite evident.

A correlation making use of equivalent diameters is shown in |
Figure 20. 1In this plot the equivalent Nusselt numbers (divided by
Prl/5 (p/uw)o'lu)based on the integrated heat transfer coefficient for
a solld rod and the equivalent diameter suggested by Lohrenz and Kurata
1s plotted versus the equivalent Reynolds number Re¥*., Several observa-
tions may be noted: 1) The data are consistent with the data of Monrad
and Pelton. 2) The line which best fits the data is about ten per cent

below the line for the Sieder-Tate equation, indicating that a value of
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0.02k should be used for the constant C2 in the correlation. This trend
is suggested by the theoretical analyéis of Barrow(2>. 3) The effect of
roughness of the rod on the equivalent Nusselt number Nu¥* is much less
than the effect on the equivalent friction factor f* with the points

for the threaded rod of diameter ratio d = 0.25 falling only slightly

above the line drawn through points for the smooth tube.

Disks Evenly Spaced and Centered in the Tube

Pressure Drop

Friction factors for flow around the disks in the center of the
tube are presented in Figures 21, 22, 23, and 24k for s =2, 4, 8, and 12
with the diameter ratio d as a parameter. Since these friction factors
are not based on any equivalent diameter, they indicate directly the
effect of the disk geometry on the pressure drop. It is seen that for
disks at a spacing of é tube diameters with a diameter ratio of 0.875
the pressure drop is over 300 times that for an empty tube. As would be
expected, except for small diameter ratios and large spacing, the friction
factors are practically independent of Reynolds number.

For a particular geometry (i.e, a given value of d and s) the
friction factor can be represented by an equation of the form

100 £ = ¢(s,d) Renﬂs:d) (64)

The constants C(s,d) and n(s,d) evaluated by the method of least
squares are listed as a function of s and d in Table VIII in Appendix
C. The lines drawn with the data for each geometry in Figures 21, 22, 23,

and 24 are the lines given by the above equation.
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In Figure 25 a trial correlation is attempted, based upon
characterizing the pressure drop by an effective drag coefficient (defined
by Equation (lh» for a single bluff body rather than by a friction factor
of the type used for smooth tubes. The effective drag coefficient fp
is plotted versus Reynolds number for s = 12, 8, 4, and 2 with diameter
ratio as a parameter. These plots bring the curves for different diameter
ratios close together, particularly when it is noted that the ordinates
are arithmetic rather than logarithmic.

As with the friction factors, for a particular geometry the

effective drag coefficient can be represented by an equation of the form
100: £y = ¢(s,d) reR(s,d) (65)

The constants C(s,d) and n(s,d) evaluated by the method of least
squares are listed as a function of s and d in Table IX in Appendix C.
The lines drawn with the data for each geometry in Figure 25 are the

lines given by the above equation.

The effective drag coefficients are cross-plotted versus free
area in Figure 26 for four different spacings with Reynolds number as a
parameter. They are cross-plotted versus spacing in Figure 27 at three
different diameter ratios with Reynolds number as a parameter. Again, in
both of these plots the ordinate is in arithmetic coordinates. As is
expected, the drag coefficient decreases as the disks get closer together
(and their wakes start interfering with each other). The slight varia-
tion of fD with free area may well be the result of scatter in the data

from which the cross-plots were prepared rather than a real, though second

order effect.
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Figure 27. Effective Drag Coefficient for Disks as a Function of

Spacing, fp vs. s, for 4 = 0.625, 0.750,
any Reynolds Number.

and 0.875 and
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The generally accepted value of the drag coefficient for a
disk in an infinite fluid with a uniform flow is independent of Reynolds
number when the flow is turbulent and has a value of 1.10. This line is
drawn in Figure 25 for s = 12 to indicate that the measured coefficients
are at least in the expected range. One might expect the effective drag
coefficients for disks in a tube to approach 1.10 as the diameter ratio
becomes small and the spacing large. In this case, however, the effect
of the solid rod on which the disks are mounted and the effect of the
non-uniform flow (i.e., the fluid velocity in a tube is a logarithmic
function of radius) would have to be considered.

The cross-plots indicate that the effective drag coefficients
for disks are relatively Independent of free area and Reynolds number.

Therefore, a generalized correlation for disks of the form

S

(66)

C
100 fy = 1L

Chr + s

2
is suggested. Best values of the constants for the above, generalized
correlation were obtained from the data of this investigation and found

to be

C

156
0.78

Ca
An indication of the validity of the correlation is given in Figure 28
where fp predicted by Equation (66) is plotted versus the value
measured experimentally. All of the data were correlated with an average
deviation of 6.6 per cent.
The only similar type data available in the literature for

comparison are those taken by Koch(EB)° Koch presented plots of
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experimentally measured friction factors using air as the fluid as a
function of Reynolds number for seven combinations of s and d. The
spacing s ranged from 0.62 to 3.92 and the diameter ratio d was
between 0.4 and 0.8. For Reynolds numbers between 10,000 and 40,000
the agreement of Koch's data with Equation (66) is indicated in Figure
28. It can be seen that, in general, Koch's experimental results are
approximately 50 to 100 per cent greater than would be predicted by
Equation (66). Possible explanations for this discrepancy are: 1) Koch's
disks were centered in the horizontal tube with various centering supports
which probably contributed to %he total pressure drop, while the disks
used in this experiment were mounted in a vertical tube and only centered
at each end of the test séction; 2) the size of Koch's centering rod
which is not specified may have been such that his rod contributed more
drag than the centering rod used in this investigation, and 3) any
slight error in the measurement of the flow rate.of the fluid or the
dimensions of the tube and promoters are greatly magnified in the calcu-
lation of effective drag coefficients.,

A better test of the correlation would be obtained if data
at larger spacings were available for comparison. Unfortunately, how-
ever, the largest promoter spacings for which Koch reports pressure drop
results is a spacing of 3.92 tube diameters and this corresponds to a
diameter ratio of 0.40 where the influence of the centering rod is large.

Heat Transfer

Local values of the heat transfer coefficient ratio h/ho are

plotted in Figure 29 versus distance from the disk x in tube diameters
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for three different diameter ratios. The coefficient h refers to the
local heat transfer coefficient. The quantity hO refers to the value
calculated for the empty tube using the Sieder-Tate equation and the same
mass flow rate., A diagram of the inside of the tube is shown in each
plot to indicate the relative dimensions of the disk and the position at
which the local heat transfer coefficient is presented.

In some cases for values of x nearly equal to the spacing s
the corresponding local value of h/ho was influenced more by the pre-
sence of the next promoter than by the decaying effect of the previous
promoter. In these cases the value h/ho was plotted ahead of the
promoter instead of behind or, in other words, the distance from the
promoter was considered negative and interpreted as the distance to the
next promoter.

For each case illustrated in Figure 29 the set of experimental
results corresponding to the Reynolds number nearest 10,000 was selected.
The following may be noted from the figure:

1. In general, the points fall on the same smooth curve regard-
less of spacing downstream from the disk. This is expected, since the
effect of constricting the flow overpowers the effect of the previous
history of the fluid. The biggest separation of curves for different
spacings occurs for the diameter ratio 0,625 which is the case in which
the fluid flow is least constricted.

2. The point of maximum heat transfer coefficient apbears to
be shifted downstream about two tube diameters from the disk in the case

of the disk with the largest diameter ratio. This may be explained by
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two factors: a) the point of maximum velocity of the:. fluid does not
occur at the point of minimum free area, but is shifted downstream due

to a "vena-contracta" effect; b) axial conduction along the tube wall

causes the step change in heat transfer coefficient which might be ex-
pected to be damped, somewhat. (This last effect is considered in more
detail in Part 4 of Appendix B,)

3. The heat transfer coefficient approaches the heat transfer
coefficient for the empty tube about 12 to 15 diameters downstream from
the disk.

The integrated mean heat transfer coefficients were‘calculated
by fitting a first, second, and third order polynomial by the method of
least squares to the local coefficients as a function of x, the dimension-
less distance in tube diameters from the promoter. The polynomial was
then integrated analytically to obtain the mean value. In almost every
case the mean results for all three polynomials agreed very well (usually
to within one per cent). The values for the first order polynomials were
chosen for consistency. Data points in, the Vicinity of the first and
last promoter in a string were not used in calculating the mean value
in order to eiiminate any entrance or exit effect.

The mean coefficients (in the formj hm/ho where hy 1s the
heat transfer coefficient for the empty tube as calculated by the Sieder-
Tate equation at the same mass flow rate) are presented in Figure 30
versus Reynolds number for each spacing with d as a parameter.

For a particular geometryvthe heat transfer coefficient ratios

fall roughly on a line given by
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n/hg = C(s,d) Ren(s,d) (67)

i

The constants C(s,d) and.ﬁh(s,d) evaluated by the method of least
squares are given as a function of s and d in Table X of Appendix C.

The lines drawn with the data for each geometry in Figure 30 are the

lines given by the above equation.

It is not surprising that the ratio hm/hO decreases as the
Reynolds number increases, since at high Reynolds numbers the flow is
extremely turbulent and the added disturbance produced by the disks
does not produce as great an effect.

The results are cross-plotted versus logarithm of the free area
in Figure 31 for s = 12, 8, 4, and 2 with Reynolds number as a parameter.
It is seen that the croés-plotted values of the hm/hO ratio produce an
almost straight line approaching unity as the free area approaches one.,
The data are cross-plotted versus spacing in Figure 32 for Reynolds num-
bers of 10,000, 20,000, and 40,000 with diameter ratio as a parameter.
There is a spacing at which the maximum heat transfer coefficient occurs
before the coefficient starts decreasing (as the disk spacing is reduced) to
the value for a solid rod in the center of the tube.

A generalized correlation of tﬁe heat transfer coefficient ratio
as a function of diameter ratio. d, spacing s, and Reynolds number of
the following form was‘suggested by the appearance of the éross-plotsc

P we [ |™ gy L1 G (68)
hy 1 110,000 f T+ CA“"Sh

Best values of the constants for the above, generalized correlation were
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obtained from the experimental data of this investigation and found

to be
C, =3.28
C, = 0.15
Cz = 1.7
Cy =119
n, =-0,1k

As an indication of the validity of the correlation hm/hO pre-
dicted by the correlation equation (68) is plotted in Figure 33 versus
the value measured experimentally for each combination of d, s, and Re.
A1l of the data are correlated with an average deviation of 5.6 per
cent. The type of plot given by Figure 33 tends to emphasize the points
which deviate from the correlation, since the many points which are cor-
rectly predicted overlap one another.

There are several sources of heat transfer data for disks to
use for comparison. First, there is the work by Koch<25) in which experi-
mental values of the Nusselt number are plotted as a function of Reynolds
number using air as the fluid, for six different disk combinations of
the same type as that used in this investigation. The diameter ratio
varied between O.4 and 0.8 and the spacing was between 0.62 and 2.80.

As indicated in Figure 33 the agreement is good with all of Koch's data
predicted with an average deviation of 9.8 per cent by Equation (68).

A second source of data is that of Sundstrom and Churchill(uo).
The major portion of their experimental work concerned heat transfer
from gas flames to a cylindrical tube one inch in inside diameter. As

part of their investigation, however, non-burning, local rates of heat
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transfer from hot air to cold water flowing outside the tube were measured.
The flow was disturbed by the presence of a single disk-shape, bluff-body
flame holder centered in the burner. The flame holder provided 48 per
cent free area and the Reynolds number varied from 5,000 to 20,000.

For a Reynolds number of 10,000 Sundstrom and Churchill noted a
maximum value of hy/hg of 2.6 occuring about 1-1/2 tube diameters down-
stream from the flame holder. Strictly speaking, the results of their
work are not comparable with the results of this investigation and with
Koch's work, since they had only one disk rather than a series of them.
The effect of spacing can be simulated, though, by considering fhe
integrated average heat transfer coefficient from the flame holder to a
distance s tube diameters downstream as corresponding to the same
results that would be obtained if a series of promoters were spaced a
distance s tube diameters apart. Using this technique, results of their
experiments may be compared with the predictions of Eguation (68). It is
found that, in general, their measurements were approximately ten per
cent below the values predicted.

A third source of data is the work of Zartman and Churchill(lLB)°
Their measurements were made with the same type of apparatus and with
practically the same intent as those of Sundstrom and Churchill except
that they used a tube of five inch inside diameter, only one Reynolds
number (14,000) and disk-shape, bluff-body flame holders which provided
free areas of 9 per cent and 5 per cent. A maximum value of hm/hO of
4.5 was found to occur at the flame holder. Values predicted by Equa-

tion (68) for these very low values of Af (which represent quite an
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extrapolation of the equation) were almost two times the values observed
experimentally by Zartman and Churchill. This indicates that the corre-
lation can not be used with confidence for values of Af much smaller
than 0.234 (i.e., the smallest Af for which data were obtained in this
investigation)a

Both the results of Koch and of Sundstrom.and Churchill in
:which the Reynolds number was varied confirm the trend of decreasing
hm/ho with increasing Reynolds number for any given geometry.

Koch presented a graphical correlation of hm/ho as a function
of d and s for use in the Reynolds number range 10,000 to 40,000.
His correlation was based upon results for ten combinations of s and 4
(of which data for only seven are given in his paper) with the diameter
ratio ranging from 0.46 to 0.80 and the spacing from 0.62 to 7.82 tube
diameters. This correlation seems to be in error for very close spac-
ing, in that the predicted value of hm/hO keeps increasing with closer
spacing and there is no spacing which produces a maximum value. For a
free area of 0.50 and a spacing.of l.OBVa value of hm/ho of 4.2 is pre-
dicted by hié graph. This does not seem reasonable, since for a free
area of 0,48, Sundstrom and Churchill found the maximum value of the
local coefficient ratio h/hO to be 2.6. It would seem that at close
spacings the highest value of the mean heat £ransfer coefficient would
not be greater than the maximum value of the local coefficient for a
single disk and, in fact, would probably start to get smaller and approach
the value for a solid rod.

The probable explanation for the difficulty with Koch's corre-.

lation at close spacings is that it was based on too few combinations of
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d and s. In any experiment of this nature the high heat transfer coeffi-
cients are the most difficult to measure, since they correspond to the
smallest temperature differences. Thus, with only one or two sets of
data (corresponding to close spacings and high values of hm/ho) in
error the whole correlation would be easily biased.’

Even though Koch's correlation does not agree with Equation (68)

at close spacings, the bulk of his data do.

Streamline Shapes Evenly Spaced and Centered in the Tube

Results for the streamline shapes have been plotted in exactly
the same manner as the results for the disks. In other words, for every
plot of results for the streamline shapes there has already been presented
a corresponding plot for the disks. Therefore, attention will be called
only to the dissimilarities between the results for streamline shapes

and the results for disks.

Pressure Drop

Friction factors are plotted versus Reynolds number in Figures
34, 35, and 36 for s =4, 8, and 12 with d as a parameter. It can be
seen that the pressure drop is approximately a fourth that observed for
the disks. Unlike the results for the disks, the friction factors for
the streamline shapes decrease as they do for a smooth tube with increas-
ing Reynolds number, even for the large diameter shapes.

The lines drawn with the data in Figures 34-36 are given by
the equation

100 £ = C(s,a) ReR(s,d) (64)
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The constants C(s,d) and n(s,d) are listed as a function of s and
d 1in Table VIII of Appendix C.

The effective drag coefficients are shown as a function of
Reynolds number for s = 12, 8, and 4 in Figure 37 with 4 as a parameter.
They are cross-plotted versus free area in Figure 38 and versus spacing
in Figure 39. The lines drawn with the data in Figure 37 are given by
the equation

100 £, = C(s,d) ren(s,) (65)

The constants C(s,d) and n(s,d) are listed in Table IX of Appendix C
as a function of s and d.

Figure 37 indicates that the effective drag coefficient for
streamline shapes has a slight dependence on Reynolds number. Therefore,

a generalized correlation for streamline shapes is suggested of the form

C.s Dy
- 1 Re
100 1 = C, s [10,000] (69)

Best values of the constants were obtained from the data of this investi-

gation and found to be

c, = 11

1 T
02 = 196.
nl = —0512

An indication of the validity of the correlation is given in Figure 28
where values of fD predicted by Equation (69) are plotted versus
values measured experimentally. All of the data are correlated with an
average deviation of 7.95 per cent. There apparently are no similar

type data available in the literature for comparison.
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Figure 39. Effective Drag Coefficient for Streamline Shapes
as a Function of Spacing, fj vs. s, for d = 0.625,

0.750, and 0.875 with Parameters of Re.
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Heat Transfer

The local heat transfer coefficient for Reynolds numbers of
approximately 10,000 are plotted for diameter ratios of 0.625, 0.750,
and 0.875 in Figure 40. The shape and position of the streamline bodies
are illustrated with a diagram just as for the disks. Some interesting
features of these curves are:

1. The points for all three diameters (including even d = 0,625)
fall on approximately the same smooth curve, This is to be expected,
since the streamline shapes should produce a smaller wake than the disks
and, hence, should interfere less with each other.

2. The point of maximum heat transfer is shifted downstream
from the point of maximum velocity just as for the disks (although
because of the scatter in.the data at this point, it is difficult to tell
exactly wheré the maximum occurs). There is reason to believe that some
separation occurs in flow around the streamline shape just as it does

around the disk, thus producing a vena-contracta. Even though there may

be separation in the flow around the streamline shape, one would still
expect the pressure drop to be considerably less than for a disk. The
reason is that the tail of the streamline shape physically occupies
volume where wasted turbulent motion takes place in the wake of a disk.

5. The heat transfer coefficients approach those of an empty
tube within a shorter distance for the streamline shapes than for the
disks.

Values of hm/ho are plotted versus Reynolds number in Figure

41 for s =12, 8, 4, and 0 (for the solid rod), with d as a parameter.



Figure 40,

45

40

35

30

25

h/ho

20

45

40

35 |

30

25

h/hg

20

45

40

35

30

25

h/hg

20

i

O - 8212, Re 29,800
@ —s= 8, Re =10,600

d=0.625

A -38:4;Re=9,800

LN

5

s

ya

L

I

£

|
LLL

: C o oY
T8 Jo_
////////‘// yvd yys

=

777777 td 7 77 177
/l ( /l //, ///ll'//l f f £

o

2

3

ry

S

6 7 8 9 10 H R
DISTANCE FROM PROMOTER , x(TUBE DIAMETERS)

1 I | LU A
(SOLID DATA POINTS ARE AFTER
| LAST PROMOTER IN STRING)

L]

© -5:12; Re=12,300

0 -~$28,Resl1,200

A -g:4 , Re=10,8Q0

d:0.750

LLLLLELLLLL L ELLL LI L2002 2202 2077

—

[

7
Il

Vd '///1/

| ! |

’S

3

4

5

6 7 8 9 10 U

DISTANCE FROM PROMOTER, x (TUBE DIAMETERS)

™

ap P

d:0875| O -g:12;Re=I0,200

]

O ~8:8 ;Re=!1,300

A
a
o) :

4 ~$:4 ;Re=11,000
{SOUID DATA POINTS ARE AFTER

LAST PROMOTER IN STRING)

e

o)
A

LLLL

I

(et tadtsd

0 |

2

3

4

5

6 7 8 9 0 n

DISTANCE FROM PROMOTER ,x(TUBE DIAMETERS)

12

Sample Values of Local Heat Transfer Coefficient Ratio for

Streamline Shapes as a Function of Longitudinal Position from
Shape with Reynolds Number Approximately 10,000, h/ho VS. X,
for d = 0.625, 0.750, and 0.875.



-98-

‘P JO sasjowsIB UITM
O pue ‘4 ‘Q ‘ST = s IOF ‘9Y *sa o:\EQ ‘xoqump] SpToudsy JO uoTyouUNng B
se sadsyg SUTTWEaI}S IOJ OTIBY JUSTOTIIO0) JISJSUBLL 9BSH UBSW TTBISAD °TH 2InITd

Q1x(aunl/my) 0001/ Q1*(aul/Mb)= 000I/3Y
ool 09 oO¢ oz o8 9 ¥ e ool 09 O¢ oz o8 9 v €.
| 062'0=P "GON G3AV3INHL
¥0d4 34V SLNIOd QoS rFO—~—O4—o>
| | (Yo} - ° Gl
- o G290=pP
DN_.Ouvl/V\l\ : LAO W. I
b oSy o | L oz
o+ ° P . . g | oszo=p = ~
$290:=P iy 61 o : sz I
Tome pd > v >
-0 " °© v ©
. o« 618°0:=P ~_
- Othu—uV\ - o2 : oe
o
= O=s G2 8=S G'e
oe , ov
Q1*(aun/mp) = 0001/ 24 Q1 *(aun/mp) = 0001/2y
ool 09 Ot oz o008 9 & €_ ool 09 Ob o2 o008 9 & ¢
ol ; ol
.o.loulﬁL — o
o] 6290=P
o ~ sl - D — Sl
o~ L4 = .
/.WV.. . osz0=p—"
B | S290=P — oz g oz
, ]
] —0 | 7
0S20=P 3 G.8°0=P -
sz 2 gz 32
T ¥
o o
VIVd SIHL 503 oe o€
@3AN3SE0 NOLLVNEIA 3181aNV
1/ se se
21=s
ov ot




-99-
The lines drawn with the data are given by the equation
b /by = C(s,a) Re2{s4) (67)

with the constants C(s,d) and n(s,d) given in Table X of Appendix C
as a function of s and 4.

The data are cross-plotted versus free area in Figure 42 for
s =12, 8, 4, and 0 with Réynolds number as a parameter. They are cross-
plotted versus s in Figure 43 for Reynolds numbers of 10,000, 20,000,
and 40,000 with diameter ratio as a parameter.

The following observations should be noted: As the data for
the largest diameter ratio (4 = 0.875) and the closest spacing (s = )
were taken, noticeable Yibration of the shapes against the tube wall was
observed from the sound produced. At the completion of the run, when
the string of promoters was removed, it was found that the centering
pins had been badly damaged. The only other‘run for which audible vi-
bration was heard was that for d = 0.875 and s = 8, but in this instance
no damage to the centefing pins took place.

The vibration phenomenon was probably caused by pressure dis-

turbances created by the periodic shedding of vortices from the stream-
line shape and wery likely depends in addition upon the natural frequency
of the centering rod.

Approkimatély the same behavior is shown as for the disks with
the heat transfer coefficients about 20 to 50 per cent lower for the
streamline shapes than for the disks. A much smoother transition to
the case of a solid rod in the center of the tube occurs for the stream-

line shapes as the spacing is decreased than for the disks.
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A generalized correlation of the heat transfer coefficient
ratio for streamline shapes as a function of diameter ratio d, spacing s,

and Reynolds number was obtained of the following form

h

&
=

n
=140, (-nap) |_Re |F_ 1 (70)
10,000 1+Chs '

Best values of the constants were obtained from the data of this investi-

gation and found to be

cl = 2,04
Cy = 0.14
n ==0,11

As an indication of the validity of the correlation, values of
hm/ho predicted by the correlation are plotted versus values measured
experimentally in Figure 33. All of the data are correlated with an
average deviation of 7.3 per cent. The biggest deviation from the correla-
tion occurs at close spacing énd large diameter ratio, particularly for
d =0.875 and s = 4. Since this is the set of results for which noticeable
vibration of the shapes occurred, the high experimental values are prob-
ably due tp this cause. Thus, the correlation given by Equation (70) 1is
probably best applicable only to sﬁreamline shapes in which there is no
vibration.

There are apparently no data available in the literature for

comparison.

Reliability of the Data for All Geometries

In order to effectively utilize the experimental results just

presented, some judgment concerning the reliability of the data must be
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made by the user. For this purpose a critical discussion of the errors,
reproducibilities, etc. of the data will be given.,

Pressure Drop

The relative error (i.e. the precision) of the friction factors
may be estimated from the form of the defining equation used in this investi-

gation.

2 5 »
po B ™ P "p P -1 (62)

o |2
32 W Pl ™ B "p

It should be noted that when the product npS is equal to Lp (i.e., the
string of promoters occupies the complete distance between pressure taps)
Equation (62) reduces to Equation (22). Equation (22) was used for the
empty tube and solid rod geometries.

The density of the water and the dimensions of the experimental
equipment were known quite accurately. The last term in brackets in the
expression above contributes from ten per cent to less than 0.3 per cent
of the value of the friction factor. ' Thus, almost all of
the uncertainty in the experimental friction factor arises from errors-in
measuring the pressure drop and the mass flow rate.

The pressure drop could be measured to within about 0.10 inches
of indicating fluid, so that the relative error depends upon the magni-
tude of the pressure drop. At a Reynolds number of 10,000 the pressure
drop for the empty tube was about 2 inches of indicating fluid; at a
Reynolds number of 50,000 the pressure drop was about 20 inches; and,
for some turbulence promoting geometries the pressure drop was 100 inches
of indicating fluid. Thus, the error in measuring the pressure drop
contributed an error ranging from O.1 to 5 per cent, but usually less than

2 per cent.
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The mass flow rate, determined from the rotameter readings,
may be considered as accurate to Within\i one per cent, which when added
to the error just discussed (doubled since W2 is required) produces an
estimate of 2 to T per cent for the precision of the friction factor
results. The excellent agreement of the experimental friction factors
with accepted correlations for empty tubes and annuli confirms the estimate
of the precision of the data.

The reproducibility of the data, however, requires a separate

consideration and depends almost entirely upon the ability to reproduce
the exact geometry. In particular, for the types of systems studied in
this investigation, reproducing the geometry involves centering the devices
(or measuring the degree of eccentricity). It is estimated that the var-
lation in the per cent ectentricity of the solid rods and streamline shapes
(which had centering supports) was within about 20 per cent, while the per
cent eccentricity of the disks (which had no centering supports) was prob-
ably within about 40 per cent. The per cent eccentricity is defined as
the per cent of annulus width by which the inner element (at its maximum
diameter) is eccentric,

A theoretical analysis by Deisler and Taylor(15> for a solid
rod in the center of a tube with d = 0.286 indicates that the friction
factor for an eccentric annulus is about ten per cent lower than the
friction factor for a concentric annulus when the per cent eccentricity
is 60 per cent and is about 25 per cent lower when the eccentricity is
100 per cent. This effect of eccentricity (difficult to control experi-
mentally) probably accounts for part of the difficulty encountered in
the past by various investigators in obtaining a good, generalized friction

factor correlation for annuli.
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It is difficult to estimate the effect of eccentricity on the
pressure drop results for bluff bodies. It is likely, however, that
part of the dependence of the effective drag coefficient on free area
observed in the cross-plots of Figures 26 and 38 is due to slightly

different eccentricities.

A check on the reproducibility of the results was obtained for
two strings of disks with d = 0.750 and s = 12 and 8 in which the
strings were prepared and inserted completely independently in runs made
a monfh and a year respectively from the original measurements. In both
cases the check results differed by about ten per cent from the original
results.

Therefore, in summary, the following may be stated:

1. The precision of the pressure drop data probably varies
from about 2 to 7 per cent with most of the results corresponding to the
lower figure.

2. The reproducibility of the pressure drop data is probably

within about 15 per cent with most of the problems of reproducibility
consisting of difficulty in controlling the exact degree of eccentricity.
The irreproducibility appears as scatter in the overall correlations.

Heat Transfer

The precision of the local heat transfer coefficients may be

estimated from the form of the defining equation
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Errors may be introduced from two sources: 1) errors in meas-
uring the experimental variables: Tb(z), Timletr Toutletr and I; 2) er-

rors propagated in the calculation of q(z) and AT due to

generation
uncertainties in the parameters of the experimental apparatus: a, b,

55, KO’ 7, and B. A statistical analysis of the propagation of errors
given in Appendix B indicates that q(z) is accurate to within T 5 per
cent and the temperature difference between fluid and inside wall is
accurate to within about * 2 deg. F.

The percentage error in the local heat transfer coefficient,
however, depends upon the magnitude of the total difference between fluid
and inside wall. This temperature difference ranged from 12 to 100 deg. F
with the large majority of the runs at a mean temperature difference of
about 25 deg. F. The estimated precision of the heat transfer coefficients,
therefore, may be taken as being about 8 per cent.

There are two important tests of the precision of the data which
confirm the preceding analysis: 1) the agreement of the overall Nusselt
numbers measured for an empty tube with those predicted by the generally
accepted correlations; and 2) the agreement of the heat balances.

The first (agreement with accepted correlations) has already
been demonstrated in Figure 13.

The percentage error in the heat balances is shown in the fre-

quency plot of Figure L4 where the per cent error is defined as follows.

Qi = aﬂ/L q(2)az (70)
0

Qout = ¥ ¢(Toutret = Tinlet) (71)

(Qin - Qout) x 100
O°5(Qin + Qout)

it

Per Cent Error

(72)
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8 -7 6 5 4 3 2 4 0 1| 2 3 4
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Figure U4. Frequency Distribution of Heat Balance Errors.
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It is seen that this percentage error generally falls between
plus one per cent and‘minus five per cent. Since the temperature rise of
the water was usually between 5 deg. F and 20 deg. F, an error of one per
cent in the heat balance corresponds to an error in measuring the differ-
ence between inlet and outlet water temperature of 0.05 to 0.20 deg. F.
Thus, the heat balance error seems to be within acceptable limits.

The reproducibility of the local heat transfer coefficients

is subject to the same difficulty in centering the devices as was the
reproducibility of the friction factors. For the heat transfer results,
however, a better estimate is available, since measurements were made at
three different angular positions for three different axial positions
for each run. The angular variation is indicated in Figures 45 and 46
where the frequency of the difference between the.local angular AT and
the average AT for all three angular positions is plotted versus the
difference. It is seen that the difference was generally less than

vi 2 deg. F which means that any irreproducibility in the local heat trans-
fer coefficient caused by inexact axial symmetry was less than 10 to 15
per cent.

A test of the reproducibility of the local heat transfer
coefficients for disks and streamline shapes is given by the plots of
Figures 29 and 40 since the data for different values of s were taken
as part of completely separate runs. In fact, the local data near each
of the 4 to 12 bluff bodies used in each run may be thought of as data
from a different experiment since any eccentricity of the bodies prob-

ably varied somewhat from promoter to promoter along the tube. The
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effect of inexact axial symmetry probably accounts for some of the
scatter of the local heat transfer data, but the fact that all the data
fall roughly on the same curve indicates that the local data are repro-
ducible.

The reproducibility of the mean heat transfer coefficients
should be considerably better than that for the local heat transfer coef-
ficients, since the data are subjected to an averaging process. This is
indicated by the results of check runs made for disks at d = 0,750 and
s = 12 and 8 just as for the friction factors. As shown in Figure 30 tle
mean heat transfer coefficients for the check runs (which were taken one
month and one year respectively from the original runs) fall on the same
smooth curves as the results for the original runs. This confirms the
good reproducibility of the mean transfer coefficients.

In summary the following may be stated:

1. The precision of the heat transfer coefficients is probably
within 8 per cent.

2. The reproducibility of the local heat transfer coefficients

is within about 10 to 15 per cent and the reproducibility of the mean

heat transfer coefficients is considerably better than that.



ECONOMICS

One of the primary goals of this investigation is to determine
whether turbulence promoters can be used economically to improve the rate
of heat transfer to a fluid flowing in a tube and whether there exists an
optimum type of promoter. Any general economic study of this nature, how-
ever, is difficult because of the many different types of equipment in
which the transfer of heat and momentum to a fluid flowing in a tube is

an important part.

Mathematical Model of a Heat Exchanger

Throughout the consideration of the economics of turbulencé
promoters it will be assumed, for convenience in explanation, that heat
1s being transferred to a cool fluid inside the tube and, thus, the temp-
erature of the fluid is being increased. The conclusions reached are
equally applicable to the situation where heat is transferred from the
fluid and the temperature of the fluid is lowered.

A schematic diagram of a plece of equipment for transferring

heat to a fluid flowing in a tube is shown below

Source of Heat, Q

AT —
Y n ( Y
= ]
' |
! '
; :
- ‘ ' I -—&-———.ﬁ
f Z | Working
! ! b Fluid
’ ]

_// _ | — -
E B J |
Source of
Pumping Energy

-111-
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The essential characteristics of the apparatus with typical

examples are:

are

1.

Source of heat, Q

a. hot fluid flowing outside the tube
b. condensing vapor

c. electrical generation of heat

d. chemical reaction

e. nuclear reaction

A single tube or group of tubes in parallel of specified
inside geometry, length L, and inside diameter D. The
number of tubes is denoted by Ntube'

A working fluid (with physical properties u, k, c, p) which
flows through the tube at mass flow rate, W

a. water

b. air

c. liquid metal

A source of pumping energy, E
a. pump

‘b. head due to height of reservoir

A temperature driving force to cause heat to flow to the

tube(é),< Amm

equations which relate the variables (with typical units)

total rate of heat transfer (BTU/hr)

Upg A AT (73)

overall heat transfer coefficient (BTU/hr-deg F-ftg)

1

1/h + 1/n ()

_ Nu (x/D)

1]

1 + h/nt (75)

Nu (kx/D)
T (76)

STy

?otg% heat transfer surface based on inside tube diameter
ft
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= Nype D L (17)
E = pumping energy required (BTU/hr)
- WAP
J, e (78)
AP = overall pressure drop (lbf/ftg)
2
=2fLp 0" (79)
g. D

The Nusselt number Nu and friction factor f are generally
empirical functions of the inside diameter D, mass flow rate W, physi-

cal properties of the fluid (c, k, u, o) and the geometry of the inside

of the tube
Nu = function of (D, W, M, g, ¢, k, geometry) (80a.)
f = function of (D, W, u, p, geometry) . . (81a)

In some cases, of course, Nu and f may depend on still
other factors such as Amm, L, pressure, etc. For many geometries

(including that of the empty tube) the forms of the above functions are

n
Nu = C, Re 2 Prl/5 (80)
£ =0 Re 1 (81)
where Re = ———EBH————— (82)
b Ntube
Pr = EEE (83)

The term h is the mean, inside, convective heat transfer coef-
ficient, while the term h' 1is an effective coefficient which takes into

account the resistance of the rest of the heat exchanger to the transfer

of heat.



-114-

When h' 1is very large compared to h, then almost all of the

resistance to heat transfer is provided by the flow inside the tube and

U_Zn (84)

oa,
or, in other words, the value of the mean inside heat transfer coefficient
is controlling.
On the other hand, when h' is very small compared with h, then
Upg = 0 (85)

and the rate of heat transfer will be independent of conditions inside

the tube.

Factors Which Affect the Economics

In order to determine the economic desirability of using various
turbulence promoting devices it is necessary to consider in some detail
the factors which affect the economics of heat exchangers in general.
Thus, a large part of the discussion which follows will be equally appli-
cable to the design of conventional heat transfer equipment.

In order to design the optimum heat exchanger the designer must

strike a proper balance between fixed and operating costs. This imme-

dlately introduces complications, since there will be both fixed and oper-
ating costs associated with the part of the exchanger outside the tube.,
In order to avoid these complications the term "cost" will be interpreted
to mean "the cost which is influenced by the selection of the geometry of
the inside of the tube."

In addition the following assumptions will be made:

1. Q is specified
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2. W is specified

3 AEm is specified

L. n' is specified

The problem, then, is to make the best selection of D, L, Ntube’
and inside tube geometry. Throughout this presentation the term L will
mean the effective length. Thus, if multiple tube passes are used, the
effective length L 1s the actual tube length times the number of tube
passes.

The fixed costs for a given unit of time are usually expressed
as a percentage of the initial investment and include such items as de;
preciation and maintenance. The amount of the initial investment depends
upon the size of the exchanger, the type, materials of construction, etc.
As a first approximation, however, the fixed cost is given by

Fixed Cost = Cp A" (86)
where the coefficient CF (in typical units of dollars/ftem—hr) depends
upon the materials of construction and type of exchanger; the exponent m
of the area is often taken as 0.60.

The operating costs consist mainly of the cost of pumping energy
and the actual cost of the fluid. If the fluid is some product, its cost
1s probably considered negligible, but if it is a utility (for example
cooling water), its cost may be significant.

The cost of pumping is given by

Pumping Cost = Cp E (87)
where Cp 1is the cost of pumping energy (in typical units of dollars/BTU).

The cost of the fluid is given by

Fluid Cost = Cy W (88)
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where CW is the cost of the fluid (in typical units of dollars/lbm).
The total operating cost is given by
Operating Cost = Cp E + C W (89)
and the total cost is given by
Total Cost = Cyp A" + Cp E + Cpy W (90)

Each of the above costs per unit heat transfer is given by

Fixed Cost/BTU = Cy A"/Q (91)
Pumping Cost/BIU = Cp B/Q (92)
Fluid Cost/BIU = Cy W/Q (93)
Operating Cost/BIU = Cp E/Q + Cy W/Q (k)
Total Cost/BIU = Cp AM/Q + Cp E/Q + Cy W/Q (95)

The fluid cost is being carried throughout this analysis, even
though both W and Q are assumed to be specified and, hence, the fluid
cost 1s independent of the variables remaining to be selected. This is
done to simplify a consideration later of removing the restrictions re-
quiring that both W and Q be known. On the basis of the assumptions

made thus far, the relevant cost is given by

Relevant Cost = Cp A™ + Cq E (96)

and Relevant Cost/BTU

[}

Cp A"/a + Cg E/Q (97)

Procedure for Designing the Optimum Heat Exchanger

One procedure for minimizing the relevant cost/BTU is as fol-
lows:
1. - Obtain an expression for Am/Q and E/Q for any particular

geometry in terms of the variables D, L, and Nipe-
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2. Select the particular set of variables which produces the

minimum relevant cost/BTU as calculated by Equation (97).

As & starting poiﬂt it will be assumed that the inside tube
geometry is specified, for example as an empty tube. This establishes
the specific form of the functional relationships (80a) and (8la).

Next, a reasonable value of the inside tube diameter is selected
on a fairly arbitrary basis.

The remaining variables to be selected are N and L. Only

tube
one of these, however, may be chosen independently. Once Ntube is spec-
ified the fluid velocity and Reynolds number in the tube are also deter-
mined. This enables the Nusselt number to be calculated from the empirical
correlation for the given geometry which, in turn, sets the value of an,
required area, and hence the length L.

For purposes of comparing different geometries it will be more
useful to select a desired (or optimum) Nusselt number and calculate the
réquired number of tubes (and the length) rather than specify the number

of tubes and calculate the resulting Nusselt number. The derivation of

Am/Q and E/Q in terms of D, Nu, and the specified data is given below.

m m
A" A_] 1 (98)
Q Q Ql"m
since A 1
g AT (99)
D/k AT )™ [1 + Mu/(n'D/k) ™
then ‘_gl_z (0/k o) - /o] (100)
m =11

Nu
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It can be seen that Am/Q and, thus, the fixed cost depend only
on Nu, D, and the parameters which were assumed specified. The fixed cost
is independent of the empirical correlation for friction factor and Nusselt
number inside the tube and, thus, does not depend upon the choice of inside
geometry.

When Nu is small compared with h'D/k, then A"/Q produces a
straight line with slope -m when plotted versus Nu on logarithmic
coordinates. This is the case when the value of the inside heat transfer
coefficient is the limiting factor in the rate of heat transfer. On the
other hand, when Nu is large compared with h'D/k then A"/Q 1is inde-

pendent of the Nusselt number inside the tube and is given by

g, (O aT)” (101)

Q (h'D/k)m Q‘l—m

m
{ L HJ 1 (102)
h' AT Ql-—m

An expression for E/Q will now be derived.

2
since AP = je f LW (103)
gc ﬁe P D5 Niube
tDN Re
and W= o tube (104)
fRPL W 1N
then E = - EUbe (105)
2 Jo gc P© D
E £ Re’ Nu ue
and == 1 + Pr (106)
2N h'D/k
< b JC 8o p2 D? ¢ ATm
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Since, for any given tube geometry
Nu = function of Re
f = function of Re

then expressions

the Nusselt numb

for the friction factor and Reynolds number in terms of

er may be substituted into Equation (106). For example,

for the empty tube geometry (or any other geometry for which Equations (80)

and (8l) are valid)

f=Cy Re"1 (81)
np
Nu = C, Re prl/3 (80)
] 1/n
Thus, Re = Ju /2 (107)
02 Prl;5
_ Nu 01 /12 (108)
and f=0C |———Fm
1/3
Co Pr
. G Ty > Ty 2
and R 1/3 N n'D/k Pr ;
u
C2 Pr Jo 8c 0 D c AT,
(109)
The expression for E/Q is of the general form
E NuP-L
= =3B [1+3B_Nu] Bz Pr (110)
Qe 1 _pf3 2 5
Pr
3 - nq
where P=— Dependent only on empiri- (lll)
2 cal correlation for particu-
Cl lar geometry. Independent of
Bl = working fluid, tube diameter, (112)
2ck ete.
-1
_ |h'D N
32 = |2 = Independent of inside tube  (113)
k geometry. Dependent mainly
2 on tube diameter, physical
B5 = “2 5 properties of the fluid, (11k)

J, 8. £7 D% c AT ATy, ete.
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When BeNu is much smaller than unity (i.e. inside heat transfer
coefficient controlling) then E/Q vs. Nu on logarithmic coordinates
yields a straight line with slope p-l. Likewise, when BENu is much
larger than one (rate of heat transfer independent of Nu inside the tube)
then E/Q also plots as a straight line with a slope of p.

Substitution of Equations (100) and (110) into the cost equation
(97) gives the cost per BTU in terms of @, AT, D, Nu, and the physical
properties of the fluid. The first three of these items (total rate of
heat transfer Q, mean temperature difference ATm, and equivalent out-
side heat transfer coefficient h') were assumed specified. Thus,a rela-
tion for the cost per BTU has been obtained as a function of the inside

tube diameter D, the Nusselt number Nu in the tube, and the specified

constant parameters.

Since the fixed cost decreases with Nusselt number and the pump-
ing cost increases, it is evident that there will be an optimum value of
Nu at which the total cost is a minimum. The various costs are illustrated
in Figure 47. The case where the inside heat transfer is limiting (i.e.
h' = e and, therefore, By = 0) is of particular interest.

In this case

¢, (D/kaT ™ C_ B, B, NPt
Total Cost _ F m’ , E7173 (115)

BTU Nyt ql-m prp/5-1

The optimum Nusselt number can be found by setting the deriva-

tive of this expression to zero and solving for Nu to obtain

1
m C, (D/xAT )™ F——
— F m P r.ma
Moot imum = : (116)

(p-1) Cg B, By pr(1-p/3) gl-m
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Nusselt Number.,
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As

This is not valid, of course, for non-zero values of B2
the effective outside heat transfer coefficient becomes more important,
the optimum Nusselt number will be less than the value given by Equation
(116).

From an examination of Equation (116) and the definition of B5

it can be seen that

2 +m
Mioptimm @ (D] 2F M= ' (117a)
| l-m
o [ar ] P tm- L (1170)
l-m .
a[Q]p+m-1 (ll?c)

For common values of pand m (i.e. p = 3.5, m = 0.6)

. 0.838
Moo timm @ D 5 (118a)
0.12
o AT 9 (118p)
o @0-12Y (118¢)

Thus, for example, a change of diameter by a factor of two
changes the optimum Nusselt number by a factor of approximately 1.8.
On the other hand, a change in Amm or @ by a factor of 10 changes the
optimum Nusselt number by only about * 35 per cent. The same proportion-
ality is true, but to a lesser extent, for non-zero values of Bs.

Once the desired (or optimum) Nusselt number is selected, the
remaining design parameters Ntube and L may be calculated as follows.
From Equation (82), valid for any geometry, the number of tubes is given

by
N =_kw
L D Re

tube (119)
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and, specifically for a geometry for which Equations (80) and (81) are

. l/n
valid ) c Prl/5 2
N = W 2
tube LD M

(120)

The tube length can be obtained by substituting Equations (77) and

(76) into Equation (73) and rearranging

L =9 [1+N/(D/k)] (121)
™ Nu Ntube k AL_L‘m

and, specifically for a geometry for which Equations (80) and (81) are

valid
L-_QuD [1 + Mo/ (n'D/x) mu(H/n2-1)

LWk AT, (02 Prl/B)l/ng

(122)

Example Design of a Typical Heat Exchanger

The relative ;mportance of the variables on the design of the
optimum heat exchanger can best be shown by an example problem. This
problem is to design an optimum heat exchanger for a particular applica-
tion in which actual numerical values of the parameters are specified.

The quantitative results of the solution of the problem will,
naturally, be applicable to some other arbitrary heat exchanger design
only insofar as the costs and specified variables are the same as for
this example. Throughout this presentation, however, the qualitative
effect of assuming different costs and different values of the specified
variables will be considered in some detail.

The statement of the problem is as follows: A condenser is to
be designed in which some vapor condenses on the outside of the tube and

water flows inside the tube. The amount of vapor to be condensed is such
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that the required rate of heat transfer by the condenser is 10,000,000
BTU/hr, The equivalent outside heat transfer coefficlent (including the
effect of any extended surface) is 3000 BTU'/hr-deg° F - ftg,

The mass flow rate of the water is 250,000 Ibm/hr and the mean

temperature difference is 100 deg. F. The specified variables, then, are

W = 250,000 b, /hr

Q = 10,000,000 BTU/hr
AT = 100 deg. F
h' = 3000 BTU/hr-deg. F - ft°

Values of the physical properties of water will be assumed

constant as specified below

i

¢ = 1 BIU/1b_-deg. F

p = 624 1p /£t

k = 0.35% BTU/hr-deg. F - ft
w=2.42 1b /ft - hr
Pr = 6,855

The following costs will be assumed
1. The initial investment in dollars is given by
Initial investment = 100 10-6 (123)
where the area A 1is measured in ft°, It will be assumed that the de-
preciation per year is ten per cent of the initial investment, the ﬁain—
tenance cost per year is also ten per cent of the initial investment and

the number of operating hours per year is 8760. Thus,

Fixed Cost = (0:20)(100) 40.6 (124)

8760
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and Cp = 2.28 x 1075 (dollars/ft 2 nr) (125)

!

with m= 0.6 (126)

2. The cost of electric power will be taken as $0.01 per kilo-

watt hour. Based on a mechanical efficiency of 60 per cent for the pump

0.01
C. = (127)
B (0.60) (3412.76)

il

4,88 x 10~T dollars/BTU

Design calculations are presented in detail in Appendix D with
only the results summarized here.

For purposes of comparison and illustration of the problems
invol&ed, designs will be considered initially using an empty tube with

three different values of the inside diameter: 0.25, 0.50, and 1.0 inch,

Since the purpose of this example problem is to illustrate the relation-
ship between the variables, rather than to build a specific heat ex-
changer, no attempt will be made to choose values of the tube diameter,
number of tubes, tube length, etc. corresponding to dimensions of heat
exchanger components available commercially.

The fixed cost, pumping cost, and total cost for each diameter
tube are plotted as a function of Nusselt number in Figure A48.

It can be seen that for each tube diameter there is a particu-
lar Nusselt number for which the total cost is a minimum. The "flattness"
of the minimum appears exaggerated because the costs are plotted on lqg4
arithmic coordinates. Nonetheless, any value of the Nusselt numberfﬁifhin
to5 per cent of the optimum value would probably be acceptable,j’it can

also be seen that the cost of designing for a Nusselt number considerably
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greater than the optimum is much higher than the cost of designing for
one that is too small.

As the tube diameter is increased the curve of fixed cost vs.
Nu is raised, while the curve of pumping cost vs. Nu is lowered which
results in a shift of the optimum Nusselt number toward higher values of
Nu for larger tube diameters.

Despite the fact that the optimum Nusselt number is quite differ-
ent for different diameters, the total cost at the optimum is almost
identical.

The optimum exchanger designs are summarized below.

ot ot v o - —— o - - "

Diameter 0.25 inch 0.50 inch 1.00 inch
Optimum Nu i75 330 600

Total Cost 0.031 x 107" 0.0315 x 1077 0.0321 x 107"
(dollars/BTU)

Number of Tubes 2kl 55 13

Length (ft) - 9,6 . 21.h4

" o ——— —  ——— " - - = - = - " " - - - e G n - " s G o -

Next, two designs will be considered using two types of turbu-
lence promoters in a tube of diameter 0.50 inch for comparison with the
design for the empty tube. The two geometries (selected arbitrarily for

purposes of illustration) are

1
=

il

Geometry I DiSké; d = 0.625; s

|
(@0

Geometry II  Disks; d = 0.875; s =
It should be noted that for any of the geometries studied in

the experimental portion of this investigation
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= ¢(s,a) ReR(8,4) (65)

=

o

(@]

H
!

c(s,a) re(s,d) (67)

(=
2
=
(@]
il

with the appropriate functions C(s,d) and n(s,d) -- different for each
geometry and not the same for calculating f as for calculating hm/ho --
tabulated in Tables VIII and X of Appendix C. Since

h, = (0.027) % re0-8 p/3 (128)

The constants Cq, Co, n) and no may be readily obtained.

The fixed cost, pumping cost, and total cost for each geometry
are plotted as a function of Nusselt number in Figure 49. For comparison,
the curve for the empty tube is also included. It can be seen that for
the same tube diameter the "fixed cost is the same for all three geometries.
The curve of pumping cost vs. Nusselt number, however, is higher for both
turbulence promoters than for the empty tube. The curve for geometry II
is higher than the curve for geometry I.

The optimum exchanger designs are summarized below.

Empty Tube Geometry I Geometry II

disks disks

s = b s =8

d = 0.625 a = 0.875
Optimum Nu 330 300 245
Total Cost 0.0315 x 10-7 0.0%2 x 10-7 0.035 x 10~1
(dollars/BTU)
Number of Tubes 55 143 159
Length (ft) 9.6 3,96 3,86

T - - - — - . . - o S " o A - - - - - -~ - - - - . o . -
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It can be seen that in each case the turbulence promoting geom-
etry produces a higher total cost than the empty tube, but for all geom-
etries the costs are within ten per cent. This example illustrates an

important conclusion: The only way a turbulence promoting geometry can

produce a lower total cost is for its curve of E/Q vs. Nusselt number

to be below that for an empty tube.

Even though the E/Q curve for the turbulence promoter does lie
considerably above that for the empty tube, if an exchangér is properly
designed (in the optimum manner) for the prombter, its total cost may be
only slightly greater than that for the optimum exchanger designed using
empty tubes. This is well illustrated by the example problem. The
effect of geometries with high E/Q vs. Nu curves is to lower the optimum

Nusselt number.

Conclusions Regarding the Economics of Using Turbulence Promoters

It was illustrated in the solution of the example problem that
the total cost of a heat exchanger designed in an optimum manner to use
turbulence promoters may be only slightly greater than the total cost of
an exchanger designed in an optimum manner using an empty tube. Nonethe-
less, it was shown that the only way one inside tube geometry can produce
a lower total cost than another is for its curve of E/Q vs. Nu to be
lower, This suggests that a valuable measure of any proposed turbulence
promoting scheme for improving the rate of heat transfer in a tube is
the ratio of E/Q for the turbulence promoter to (E/Q)ET for the empty
tube as a function of Nusselt number. This ratio is plotted as a function
of Nu in Figure 50 for disks and in Figure 51 for streamline shapes and

the solid rod.
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It can be seen that all of the promoter combinations except the
solid rods become less efficient at higher Nusselt numbers. For the disks
at spacings greater than 8 tube diameters and streamline shapes at spac-
ings of 12 tube diameters, the most economical design is the one with the
smallest diameter and the least economical is the one with the greatest diameter.
At closer spacings, particularly for the streamline shapes, the trend is
reversed and the most economical promoter is the one with the largest diam-
eter. This is also true for the solid rod in the center. In other words,
it appears that systems which behave similar to a solid rod are best with
large_diameter ratios, while systems which behave like individual bluff
bodies are best with small diameter ratios. It is also noticed that both
the disks and streamling shapes tend to become more efficient at closer
spacings, but in the case of the disks a spacing of 4 diameters is more
efficient than either 2 or 8 diameters, indicating an optimum spacing of
about I tube diameters for disks.

One important observation to be made from the example problem
is that even though the total cost is almost the same for the two ex-
changers using the turbulence promoters and the one using empty tubes,
the "shape" of the exchangers is quite different. Both of the optimally
designed exchangers using turbulence promoters were much shorter and re-
quired more tubes than the optimally designed exchanger using empty tubes.
This is a general characteristic of well-designed exchangers employing
turbulence promoters.

Effect of Variables Assumed Specified

In the economic study it was assumed that four variables were

specified by the process: W, Q, ATm, and h'. The following comments are
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intended for the cases where these variables are not specified, but are sub-
Jject to optimization.

As was shown earlier, changing AEm has little effect on the
value of the optimum Nusselt number for any type geometry. The total

cost, however, (excluding the cost of fluid) per unit of heat transfer is

less for higher values of Amm » This 1s obvious, since increasing AEm
increases the rate of heat transfer without any increase in area ér pump=
ing power required. Of course, in order to obtain high values of AT, it
is usually necessary to provide large mass flow rates W of the fluid, 50
that the optimum value of AT, is obtained by balancing the increased
cost of the fluid against the decreased fixed and pumping costs per unit
of heat transfer. If the:Nusselt number in the tube is known (and, hence,
the value of an) charts prepared by Colburn and presented by Perry(55>
are available for quickly obtaining the optimum value of Amm based on
the relative cost of fluid and fixed cost per unit ares. Thus, an approxi-
mate estimate of the best AEm should be adequate for selecting the opti-
mum Nusselt number for any geometry. On the tasis of this optimum Nusselt
number, Colburn's charts can be used to obtain a more exact estimate of
the optimum value of ATm, This may be continued, if necessary, until an
optimum set of conditions is obtained, but usually the first assumption
will be adequate.

Changing the mass flow rate W has no effect on the optimum

geometry or Nusselt number if it does not affect AT,. For a constant

temperature difference, increasing the mass flow rate simply reduces the

length and increases the number of tubes (keeping the Nusselt number and
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required area the same). If changing W also changes ‘Amm then the com-
vments in the preceding paragraph are applicable.

The outside heat transfer coefficieﬁt h' is dependenﬁ upon
conditions external to the geometry of the inside of the tube, and hence,
must be assumed specified. Also the rate of heat transfer Q will almost
always be specified.

It should be noted that anything which tends to result in a large
heat exchanger reduces the fixed cost relative to the pumping cost per
unit heat transfer. This, in turn, favors operating at lower Nusselt num-
bers where turbulence promoters are most effective. Thus, high values of
Q, low values of h', and low values of AEm all tend to favor the use
of turbulence promotersa

Use of Turbulence Promoters in Design of New Exchangers

On the basis of the preceding economic study, including the
results of the example problem, some recommendations will be made concern-
ing the applicability of including turbulence promoters in the design of
new heat transfer equipment.

From Figures 50 and 51 it can be seen that the pumping power
required per unit heat transfer for the types of turbﬁlence promoters con-
sidered in this investigation ranges from about 80 to 500 per cent of that
required using an empty tube. Since the promoters are almost always most
effective at low Nusselt numbers, it would appear that their greatest
promise is in designs where pumping cost is very high compared with the
fixed cost, since in these cases the optimum Nusselt number is usually

low.
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What is probably more important than the savings in cost by
using promoters is the added flexibility in design which may be afforded,

_ usually with only a slight increase in the total cost of operation. Their
use adds one more independent variable that the designer may have in spec-
1fying the exchanger. Even after the fluid velocity in the tubes has been
set, it is still possible to independently raise the heat transfer coef-
ficient by a factor from less than 10 per cent to almost 400 per cent. It
has been shown that, properly designed, this may impose only a slight
additional cost.

The use of turbulence promoters is essentially equivalent to
designing a longer exchanger with fewer tubes (or, in other words, to
adding more tube passes).. This suggests that whenever a study indicates
that the best designed exchanger would require more tube passes than it
1s feasible to build, then turbulence promoters should certainly be con-

sidered.

In certain cases a design may be encountered where one tube pass
will not produce a high enough heat transfer coefficient, but two tube
Passes causes an excessive pressure drop, produces a heat transfer coeffi-
cient greater than that required, and reduces the effective value of AT .
In this situation a better solution might be to install promoters for at
least part of the length of the exchanger.

The use of turbulence promoters also has the advantage that the

local heat transfer coefficient can be controlled. This may be useful when
the local rate of heat transfer varies considerably along the length of

the tube as, for example, in a chemical reactor.
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Use of Turbulence Promoters in Improving Existing Exchangers

The considerations involved in improving the performance of an
existing exchanger are simpler in some respects and more complicated in
others. The problem is simpler in that, since the exchanger is already
built, the number of tubes, diameter, length, etc. are set and there are
a minimum of variables which are free to be changed and, hence, fewer
which need to be considered. On the other hand, the problem is more com-
plicated, since when one variable imbedded within a process is changed,
often all the others are affected in a manner which is hard to predict and
for which the economics are not known.

The rate of heat transfer by an exchanger is given by

Q = Uy A AT, (73)
In an existing exchangerﬂthe area, A 1is fixed, so there are only two means
for improving the rate of heat transfer: increase the overall coefficient
Upg Or increase the temperature difference AT . Now, increasing AT,
involves changing the process external to the heat exchanger, for example
by increasing the mass flow rate of the fluid through the exchanger or
changing certain process temperatures. Since the advisability of this
approach depends strongly upon the specific situation it will not be con-
sidered further.

If it is desired to increase an without changing the mass
flow rate, there are essentially two alternatives: 1) increase the fluid
velocity by increasing the number of tube passes, or 2) install some sort
of turbulence promoting devices. In many cases increasing the number of
tube passes will not be feasible, particularly when the exchanger is a

multiple pass exchanger to begin with.
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It is in this case that the use of turbulence promoters provides
a quick, simple method of improving the performance of an existing heat
exchanger. The data and correlations of the experimental phase of this
investigation provide a guide to the selection of the best type of pro-
moter for a given application. The use of promoters has the big advantage
that changes to the process in which the exchanger operates are localized

as much as possible.

Streamlined vs. Non-streanmlined Promoters

There appears to be little advantage (or disadvantage) in using
streamline shapes in preference to disks. Since the cost of fabricating
streamline shapes 1s greater than the cost of fabricating disks and since
possible problems with vibration may occur with their use, the use of disks

is recommended over the use of streamline shapes for most applications.



SUMMARY AND CONCLUSIONS

The main objectives of this investigation were twofold: 1) to
obtain generalized correlations for predicting the rate of heat transfer
and the pressure drop for a fluid flowing in a tube in which bluff-body
turbulence promoters were mounted axially, and 2) to determine whether
bluff-body turbulence promoters can be used economically in equipment for
transferring heat,

The variables chosen for investigation were the shape of the
bluff-body turbulence promoter, the ratio of the diameter of the promoter
to the inside diameter of the tube, the spacing between promoters, flow
rate of thé fluid, and physical properties of the fluid.

Two different shapes were investigated which represent extremes
in the degree of streamlining, The first was a disk, the second was a
combination of a hemisphere and cone to form a teardrop-like shape., In
addition, data were obtained for a solid rod centered in the tube which
corresponds to a string of bluff-bodies at zero spacing.

A variety of diameter ratios, spacings and flow rates were tested
with one fluid: water, All results are presented in the form of dimen-
sionless ratios to extend the applicability of the results.

Two different techniqﬁes were employed to characterize the
pressure drop., The first was to défine a friction factor similar to that
used for smooth tubes as given by Equation (22), The second was to define
an effective drag coefficient for each bluff-body similar to that used
for immersed objects in an infinite fluid with uniform flow, The effective

drag coefficient is defined by Equation (14),

=159_
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The rate of heat transfer was characterized by a ratio hm/hO
where h,  .is the mean overall heat transfer coefficient for a tube with
turbulence promoters and hO is the mean overall heat transfer coefficient
(given by the Sieder-Tate equation) for an empty tube and the same mass flow
rate. When presented in this form, it is presumed that the results of this
investigation using water are applicable to any other fluid for which the
Sieder-Tate equation is valid.

Separate correlations for the friction factor, effective drag
coefficient, and heat transfer coefficient ratio in terms of Reynolds number
were obtained for each combination of shape, spacing, and promoter diameter.
In addition, generalized correlations %ere obtained for each shape to pre-
dict the effective drag coefficient and heat transfer coefficient ratio in
terms of spacing, promoter diameter, and Reynolds number. The generalized
correlations correlate the data of this investigation with an average dev-
iation of less than 10 per cent.

A comparison was made of existing correlations for the friction
factor based upon the use of an equivalent diameter for the annuli, and
it was found that recent correlations of Lohrenz and Khrata(26), Meter and

k2)

Bird(29), and Walker, Whan, and Rothfus( give comparable results. Accord-

ingly, a correlation for predicting the rate of heat transfer to the out-
side wall of an annulus was developed using the equivalent diameter suggested
by Lohrenz and Kurata.

A comprehensive study of the economics of usiﬁg turbulence pro-
moters in heat transfer equipment was made and a general procedure was

outlined for evaluating the effectiveness of any turbulence promoting scheme.

This procedure was illustrated with an example problem.
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The main conclusions resulting from this study may be summarized
as follows.

1. The: pressure drop caused.by .a .. fluid. flowing in a tube
in which axial bluff-body turbulence promoters have been inserted can be
better described by an effective drag coefficient based on the drag of a
single bluff body than by a friction factor of the type normally used for
smooth tubes.

2, For diameter ratics between 0.625 and 0.875 the effective drag
coefficients for disks axially centered in the tube are correlated by

100 £, = 1968 (129
D 1% 0.78 s )

3. For diameter ratios between 0.625 and 0.875 the effective
drag coefficients for streamline shapes of the shape shown in Figure 8,
axially centered in the tube, are correlated by
-0.12

100 £ = 11T s Re (130)
D 1+1.6s [10,000

4. The mean heat transfer coefficient ratios for disks axially
centered in the tube with diameter ratio between 0.625 and 0.875 are cor-

related as follows.

b, ' Re -0.1k4
=L = 1+3.28 (-InA 131
2 - 1e52 (anay LO)OOO} (130
! 1.7
x i n
Ll +0.15s 11,9 +s

5. The mean heat transfer coefficient ratios for streamline
shapes of the shape shown in Figure 8, axially centered in the tube with

diameter ratio between 0.625 and 0.875 are correlated as
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h -0.11
=3 +2,0b (-1n A) _Re 1 (132)
“hy 10,000 1+ 0.1k s

6. The rate of heat transfer to the outside wall of an annulus
is best correlated in terms of an "equivalent Nusselt number" which is a
function of the "equivalent Reynolds number." The recommended correlation
is

Nu* = 0.02k Rex0+8 pp1/3 (1/m )0+ 1 (133)

where Nu¥ and Re* are based on the equivalent diameter recommended by

Lohrenz and K'urata(26>

and defined by Equation (35).

(. The most important parameter required for an economic eval-
uation of turbulence promoters in a given heat transfer application is the
dimensionless ratio of pumping energy required to total rate of heat trans-
fer, E/Q,as a function of the Nusselt number produced. This parameter may
be obtained from experimental measurements by use of Equation (106).

8. When designed for use at low Nusselt numbers, the use of
certain types of turbulence promoters as indicated by Figures 50 and 51
can produce a more economical heat exchanger than the use of empty tubes.,

9. By careful design the use of an inefficient turbulence pro-
moter can be used to advantage in giving additional flexibility in design-
ing a new heat exchanger or in improving an old one. Although the total

cost of using an inefficient turbulence promoter will always be higher than

that for an empty tube, it may be only slightly higher.
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APPENDIX A

DESCRIPTION OF COMPUTER TECHNIQUES FOR PROCESSING DATA

In this section the method of processing pressure drop and
heat transfer data will be discussed., Some of the problems of convert-
ing the raw measurements into usable engineering units and evaluating
the physical properties of water were common to both types of data, so
they will be explained first,

Because of the tremendous amount of data generated by the
experiments, all data processing was performed on the IBM TO4 computer.
Most of the procedures for converting the raw data and evaluating
physical properties weré actually incorporated into general-purpose

computer subroutines and used by the main data processing program.

Conversion of Raw Measurements into Engineering Units

and Evaluation of Physical Properties

Thermbcouple‘Readings

The copper-constantan thermocouples used were calibrated
against precision thermometers certified by the National Bureau of
Standards in a constant temperature oil bath over the range 50 deg
F to 220 deg F and found to agree with tabulated values in the

(32)

International Critical Tables, The range of values which is
of interest is reproduced in Table IV. All thermocouple emfs were
converted to deg F using linear interpolation on the table and con-
verting from deg C to deg F with

Deg F = 1,8 Deg C + 32 (A-1)
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TABLE TV

THERMOCOUPLE EMF VS, DEGREES CENTIGRADE FOR COPPER-

EMF TEMP
(mv) (Deg C)
0,00 0.00
0.10 2,59
0.20 5.16
0.30 T.72
0.40  10.27
0.50 12,80
0.60 15,32
0.70  17.83
0.80 20,32
0.90 22,80
1,00 25,27
1,10 é7.72
1,20 30,15
1.30 32,57
1.bo 34,98

CONSTANTAN THERMOCOUPLES

EMF TEMP

(mv)  (Deg C)
1.50 37.38
1.60 39. 77
1.70 42,15
1.80 bh, 51
1.90 L6, 86
2,00 49,20
2,10 51.53
2.20  53.85

2,30 56,16
2.ko 58, 46
2,50 60, 76
2,60 63,0k
2,70 65.31
2,80 67.58
2590 69.83

EMF TEMP

(mv)  (Deg C)
3,00 72,08
3.10 T4, 31
3.20 6. 54
3,30 78,76
3,40 80.97
3,50 83.17
3. 60 85.37
3, 70 87.56
3. 80 89. Tk
3.90 91,91
4,00 ok, 07
L, 10 96.23
4,20 98. 38
L,30 100,52
L.ho 102,66
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Rotameter Readings

Four rotameters (numbered 1 to 4) were available covering
different flow rates, These rotameters had assorted scales, depending
upon their original use., Each, however, was calibrated prior to use
by measuring the time required for a given welght of water to fill,;
tank while the water was flowing at a constant rate., Each of the
rotameters was found to have a linear scale; the calibration curves
are presented in Figure 52, The rotameter number, range in gpm, range
in Reynolds number for water flowing in the test section at 6Q deg F
and equations for calculating the flow rate in gpm from the rotameter
reading are given below,

Equation for

Rotameter ) Range of Re Calculating

Number Range of GPM at 60 deg F Flow Rate
1 0.1 to 0.7 340 to 2000  + 0,02+ 0,45kx Reading
2 0.5 to 2.3 1400 to 6200 -0.395+ 0,1095xReading
3 0.8 to 3.8 2300 to 11,000 =0,075+ 0.3265xReading
L 2,1 to 18 6000 to 50,000 -0,100+ 0,299 x Reading

About 80 per cent of the data were taken using rotameter L, 20 per

cent using roteameter 2, and less than one per cent using rotameters 1 and 3,

Pressure Drop

All pressure drops were measured using the single-tube King manom-
eters with either mercury or purple indicating fluid of specific gravity
1.750. The equations for converting the pressure drop to lbf/in2 (psi)

are
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Figure 52. Flow Rate as a Function of Rotameter Reading, GPM vs.
Reading, for Rotameters 1, 2. 3, and 4.
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' A‘Pinches mercur
= —alCHes mercury -
APpsi 2.20392 (A-2e)
. “Finches purple fluid (A-2b)

psi 36,9053

Viscosity of Water

The viscosity of water at any temperature T was calculated

using Bingham‘s(B) formula as given by Perry(Es), This formula is

1

o= (2-3)

2.1482 [T -8,435 +-J8078¢4+-(T- 8,435)2]- 120
where the viscosity p 1is given in centipoises,

Thermal Conductivity of Water

The thermal conductivity of water as a function of the temper-
ature T was obtained by fitting a second order polynomial to tabulated
values obtained by Timrot and Vargaftik(ul> and presented by Perry.(55)

These values are

Temperature (Deg F) k (BTU/hr-deg F-ft)
32 0.343
100 0.363
200 0,393

The polynomial is

k = 0,343 + 2,941 x 1074 (T-32) + 3,501% x 1078 (T-32)(T-100)  (&-4)
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Density and Heat Capacity of Water

The density of water over the range of fluid temperatures

encountered was taken as
o = 62,43 1b [t
The heat capacity was taken as

¢ = 1.0 BTU/1b -deg F

Processing of Pressure Drop Data

The method of processing data on the IBM 704 can best be
described by considering a sample set -of data. Thus, we will examine
the pressure drop data from run A-18 taken for streamline shapes with
d = 0,750 and s = 8,

The raw data sheet is shown in Figure 53. Each line on the
data sheet corresponds to one IBM card. The computer program was
written so that items not repeated on a line were assumed to be the
same as on the preceding line, The term labeled PSCALE signifies
which indicating fluid was being used;; If it was 0,0 then the
purple fluid was used; if it was 1,0 then mercury was used., The
term labeled RATIO 1is (u/pw); for all isothermal runs this was
1,000, A listing (i,e,, printed copy) of the punched cards for this
set of data is shown in Figure 54, An "L" in column 71 of the cards
signified the end of the set of remarks or the end of the set of data,
A blank card also signified the end of the set of data if the "1" was

not punched in column 71,
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DATA SHEET FOR PRESSURE DROP MEASUREMENTS

Figure 53.

Sample Raw Data Sheet for Pressure Drop Measurements.

RUN NUMBER DATE NP S
A-\% 1-4-¢| | 6. |8
[ 5 a9 36 a3
3/4 \WcH TEARDROPS At % IWCH
SPAC \NG L
\ % 1S 22 29 36 43 50 57 &4 1\
0BS.VO. | TEMP. NROTA ROTA P-IN P-0UT P-SCALE | RATTIO
0.26d| 2. 4.4 | 045 | O. G. |.o0o
4.9 | -\
A0 | 2.0
24.¢ | 3.45
. | W.4 | 655
$o | .6
L ERATAY
2A3.5 |34
26.0 | D4
30.0 [ 20\
R.§ | 49.0
3¢ | 54.¢
4., | V0.5
45.¢4 | %1.9
s\.o | 6% l.
84.6 | 1.7
ol.y | A L
\ 8 IS 22 29 36 43 So 5T €& T
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The data processing will be illustrated with the fourth
from the last data value on the sheet, The raw measurements were:

1. Thermocouple reading of inlet water temperature:
0,462 millivolts, -

2, Rotameter number 4 reading: 45,4

3. Pressure drop: 87.8 inches purple fluid (sp. gr. 1.750),

Converting these to engineering units as previously described,
1. 1Inlet water temperature: 53,3 deg F
2, Flow Rate: 13,47 gpm

%s Pressure drop: 2,379 psi

The Reynolds number was calculated using

Re = W o (21)
n D .

b x (62,43/7,481) x 60 x gpm
2.42 x p x 3,14159 x (1.005/12)

5145.5 gpm (A-5)
v

For the specific example, Re = 34,131,

The friction factor was calculated using

2

SR A] e

30 WP 1, Jlngs ng
2.9075 (-APpgi) [78.M1 78,41
- P itk 6
: (gom)® [nps } fO[nps l} (4-6)

For this set of data, the friction factor for the empty tube was calcu-

lated using Nikuradse's equation
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A-18 1-9-61 6. 8.
3/4 INCH DEARDROPS AT 8 INCH SPACING L
L6222, 1h k4 0.95 0,001 0,001l 1,0
19,8 2,1
21,0 3.0
24,6 3,45
L, 11l. k4 6.55
15,0 11,6
9.4 18,15
22.5 24,2
26,0 3L,k
30,0 L4o.1
33,5 49,0
376 59,8
)4-046 T0s5
k5,4 87,8
5140 6.8 1.
54y 6 Ta'l
61,5 9s2 L

Figure 54, Listing of Data Cards for Pressure Drop
Measurements of Semple Problems

£ = - (a-7)

O (1.73718 1n (V. Re) - 0,40)2
0

for Re = 34,131, fo = 0,00570 and the experimental friction factor for
the above set of data is 0.05862, (Note: In the above formula £, wes

obtained by iterating until (f) agreed with (fo)calculated to

assumed
three significant figures,)

The printed output frofi the computer containing the analysis
of the pressure drop data just illustrated is shown in Figure 55. The
particular data point which was illustrated is the point numbered 1k
under. the column headed OBSV, In addition to the Reynolds number and

experimental friction factor, empirical estimates for the empty tube

were calculated ﬁsing various other approximations in addition to
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Nikuradse's, The friction factor calculéted using the Blasius
equation is labeled F-BLAS; the friction factor calculated using
Colburn's j-factor equation is labeled F-J; the friction factor
calculated using Nikuradse's equation is labeled F-NIK. Other
estimates of the empty-tube friction factor are labeled F-DREW
and F-MOODY.

The ratio of the friction factor obtained experimentally
for each turbulence promoter combination to the friction factor for
the empty tube using each of the empirical approximations was calcu-

lated and printed for each run,

Processing of Heat Transfer Data

The method of* processing heat transfer data will be
illustrated using a set of data for the same turbulence promoter
combination (streamline shapes with d = 0,750 and s = 8) as was used
to illustrate the method of processing the pressure drop data. The
particular run, R-19-B, corresponds to only one flow rate,

The raw data sheet is shown in Figure 56, As in the case
of the pressure drop data, each line on the data sheet corresponds
to one IBM card, The first line contains the run number and date.
The next few lines are for remarks; the last data card containing
remarks has an "I" punched in column 71 to indicate that it is the
last card containing remarks. The next set of cards (the last of
which also has an "IL" in column 71) are readings of rotameter number,
rotameter reading, voltmeter scale, voltage, millivolts across 5000

amp shunt, ambient thermocouple reading, inlet water thermocouple
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DATA SHEET FOR HEAT TRANSFER MEASUREMENTS

§

15

Figure 56. Raw Data Sheet for Heat Transfer Measurements.

RUN NUMBER DATE
R-19- 6 1-q-6 |
\ [ 29
REMARKS

/4 \NCH TeaArk DRoPS AT 7 (vcH

SPACIVG. . PScALE = PURPLE L
NROTA ROTA ™ VOLTS AMPSMYV EAMB EIN EQUT PIN POUT
4. 142G | 2. 2.2 | A\8Y | 1.090 [0.300 |0.$5% |35 | O,

4.4 A3 | L9 0.300 |0.556 | 1.6 L
I [ s 22 29 36 43 So oYl 6% Rl
REF TC -
1a. A0, \A.
REF EMF
.0 | 220 | 1-67% L
] 8 5 27 29 36 43 50 §7 €% 1
1R 2R 3R LR R 6R BR OR 10R
0557 | 0.6a1 | 0111 | oottt [T6.567/70.192 [Mo.60% | 0242 [0-658 o350
11R 12R [13R lhIf 15R 16R 1TR 18R 10R POR
0-66| |0 NN | 0110 |0.360 | 011F |0.515 [0-390 |0.154 |0.030 [0.860
oL 10L 1T, 121, 13L 141, 5L 16L 17L 18L
0.4%% | 0-960 | 0068 | 0-305 | 0-165~ [0.61F [ 6.60% [5.528 02394 | 0.158
191, 20L
0.3%% | G.63% Lr
1R 2R BR R 5R 6R TR B8R bR io
0.5%% [ 0.689[0.11% [0.1g [0-56% | 0.195” | 0.6 (| |03%0 [0.655 |0.as0
IR 12R 13R 4R 15R 16R 17R 18R 19R 20R
0.66\|0.231% |0.70% |0.2360 | 0120 |0.8\5 |0.295 |0.155 |00\ |0.26)
9L 10L 11T, 12L 3L LT, 15L 6L, 17L 8L
0.42% | 0259 {0.630 [0.20% |0-110 |0.5794 | 0.665 0.5 |0-3945” | 6155
1oL, 20L
0228 | 0.640
1R 2R BR LR 5R 6R TR 8R 9R 10R
0.560 0£90 [0.990 | 0¥ [0.5¢] [000 |0.612]| O0.3%] [0.660 . |0-M3
11R 12R 13R 1R ISR [6R 1R 18R 19R POR
0.660 (0.3 0110 [626) |05 |0.81s [6239) {0455 [a.015 [0.961
9L 10L 11L 12L L3L 147, 15L 16L . 17L 1 81,
6.4337 | 0.2\ (0627 |3.309 |CA69 | 0.51F |0.609 | 0.33( | 0.295 |o. 156
I9L 20L j
02 | 0.64) |
1R 2R 3R LR 5R 6R TR 8R 9R 10R
0.56\ |0.¢90 0.130 014 | 0.565 | 0-190 |0.60%(0.245 |0£659 |0.350
1IR 12R '13R IR 15R 16R L7R 18R |19R 20R
0.66% |00F  0.110 [0.360 | 8A | 0-81$ | 0.392] 0S5y [ 06.02\ |056])
9L 0L 11L 12L 13L 141, 5L 16L 17L 18L,
0.4%5 | 0. 60 0.6 | 0.306 | 0-\10 [0.5719 [ 0.606| 0.526 | 0.296 | 0.15%
19L 20L 1 i
) 0.642 ' L
‘0'«1‘\-"\ x 5 22 29 36 43 50 ] 6% 7
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reading, outlet water thermocouple reading, inlet water pressure,

and outlet water pressure, The next line contains the identifica-
tion numbers of reference thermocouples (used in converting AZAR
readings to emfs as will be described) followed on the following
line by reference thermocouple emfs.

The remaining 16 lines (or cards) on the data sheet are
for readings teken from the chart of the AZAR recorder, Four complete
sets of 32 AZAR readings are used for each experimental run, A list-
ing of the punched cards of this run is shown in Figure 57. The
printed computer output (requiring four pages) which is the complete
analysis of this set of data is shown in Figure 58 for pages I, II,
ITI, and IV.

The first step by the computer program consists of reading
the data., Where there are more than one set of values for one item
of data, the average and standard deviation of each were calculated,
Values of the input data corresponding to all of the raw observations
were printed on page I of the computer analysis along with the mean
values and standard deviation for each particular item., A quick
visual check of the standard deviations of each item served to
eliminate errors in punching cards. Each of the AZAR readings was
converted to thermocouple emf and identified with its longitudinal
and angular position on the tube. The conversion to emf was made

using the following formulas.

EMF2 - EMF1
RANGE = Jzare - azam1 (4-8)
ZERO = AZARl - EMF1/RANGE (4-9)
emf; = RANGE (azarj - ZERO) (A-10)



R-19-8B
be

19,

1e40
04559
04661
04424
04245
04558
0,661
06422
04248
04560
0,660
04425
06249
04561
0,664
0,425
04249

04691
04319
04260
0e638
04689
0e318
04259
04640
04690
04321
00261
0e641
04690

04308.

04260
04642

Figure 57.

1-9-61
3/4 INCH TEARDROPS AT
4204
4244
20,

2020

2e

12,
14675

06717
04710
0626

04718
0.708
04630

0720
0,710
0627

0720
0710

04629

8 INCH SPACINGe
21483
21481

9¢2
9423

O0e111
04360
04305

0e118
04360
04308

Oell8
04361
04309

0ells
04360
04306
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0e567
00718
0el65

04568
0e¢720
06170

0.561
0.715
04169

04565
04719
04170

Sample Problem.

1.05

06192
04815
04578

06195
0.815
04579

04200
04815
04578

04190
04815
0e579

PACALE =
+300
«300

04609
04390
04605

04611
06395
04605

0.612
04397
04609

0,608
06392
04606

PURPLE
552
556

0e242
0el54
0e528

04240
0el55
06527

0e241
06155
0e526

Ue245
06155
0e526

0250
0860
O0el58

04250
0e861
0e155

0e248
04861
0el56

04250
0+861
00158

Listing of Data Cards for Heat Transfer Measurements of
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ANALYSIS OF HEf

RUN NUMBER R-19-8

PAGE I

DRTR -TAKEN 1-9-61
DATA _PROCCESSED 1-20-61

REMARKS
374 TNCH TERRDROPS AT & INCH SPACITG. PACALE' = PURPLE

NROTA ROTA UN VOLTS /AP 1007 ERME ETN EOOY "

TRCET ¥ OUMCEY P
4. 42.400 2. 9.200 21,830 1.050 0.3 9! B
a. -.42.400 0. 9.230 21.810 0.000 0. 300 8,556 73.600 0.000
MERN_VALUE 4. 42.400 2. 9.215 21.620 1.050 0. 300 0.554 73.5%0 0.000
STANDARD DEVIATION 0. 0.000 0. 0.015 0.010 0.000 0.000 0.002 0.05t 0.000
CALIBRATION READINGS FOR_RECORDER THERMOCOUPLES
TC NUMBER 19 20 12 ] .
1.400 2.200 !:6#5 -
MEAN VALUE 1.400 2.200 1.675
STD. DEV. 0.000 G.000 0.000 ek e
THERMOCOUPLE RERDINGS, MEAN UELUEE- AND STANDARD DEVIATIONS
1R 2R 3R 4R SR 6R R 8R 9R_20L 19L 18L 10R  17L  16L  1SL 11R_ 12R 13R  14R

0.559 0,691 0.717 Q.11 567 0.

92 |

0.560 0,690 0.72C .11 361 00 0,61

2 0.241 0,660
659

.G41 0,249 0,186 0,248 0,39
0.230

1 0. 0.192 0.609 0,242 0.658 0.638 0.245 0.158 0,250 0.394 0.528 0.605 0.661 0,319 0.710 0.360
- GIBSE Y68y U IR UL TYE 0L 568 0, TS0, 61T 0. 2407 0. 655~ 0. 640 UL 248 0. TS5 00 250 0 3V5 027 U E0S UIEET U 3TTUITOTOII/O
8 0. 0.200 O 5 0,526 0.609 0.660 0.321 0,710 0,361

"""""" §.559 0,690 0,719 0. 115 0,565 0,194 0.610 0.242 0,658 0.G40 0.248 0,157 0.249 0,395 052 0,606 0, 88T 0. 16 0.0 0Ee0 T

Y661 5001 0. 001 0, 00% 0 00% 070048, U620, 662 0. 062 0. 601 0. 00 07001 0. 0T 0T8T 9. 06T U002 T 002 U 00y 0L UTTOTOY T

T OCOUPLE RERDINGSs MEAN VALUES, AND STRNDARI 0o

TSR 16RTTTTLTTTTIL AL YT T YLTTTTTRCUSRTTI9R20R

0.718 0,815 0,578 0.165 0,308 0,626 0.260 0.424 0,390 0.154 0.020 0,860
20 870,875 0. 77070, 20870, 630 0. 289 0,422 0. Y95 0. 155 0,074 0. 861

19 0,576 0.169 0.309 0,627 0.261 0.425 0,397 0,155 0.015 0,861
;. 0.425 0,392 0.155 0.0z1 0,861

RAY DATE FOE_RUN R-19-B

ING = 42,4 PAQE II

g
VOLTMETER RERDING = 9.21 CMETER SCHLE = 2)

o NLET_UATER. THERMOCOUPLE. =0, 300 MILLIVOLTS
OUTLET WATER THERMOCOUPL

...AMBIENT AIR THERMOCOUPLE. = 1,080 MILLIVOLTS
WILLIVOLTS ACROSS 5000 RMP SHUNT = 21.820 -

“TUTHERWGCOURLE “NUNBER  PCSITION EfF DETGHT

CDIAMETERS) CMILLIVOLTS) FRACTOR
1R 1,49 1,914 0.0839
2R LT3 Z.088 T. 0619
3R 9.42 2,06% 0.0624
4R 13,40 7,493 L)
SR 1Tt 1,920 0.0688
(13 1568 ] -
R 1,962 0.0558
BR T.613 U622
R o 2,008 0.0389
200 1991 U 018¢ ==
19L _ 1,618 0.015%
8L 7.%32 vy =
10R 1,620 0.0158
7 TV U UTSE
16k R ___1.083 0.0156
st 1,985 ToaTSY
1R 2,011 0.0390
T2R 17663 T 08%%
13R 2,087 0. 0624
T Tore T, U825
SR 2,085 0,079
“TeR 20187 070647 = =
14k 1,932 0.0000
130 N oLty
12l 1,875 0.0000
(K1Y Te oo T, 0000
10L 1,630 ) 0. 0000
oL s To7Ee (XL
17R . 08.00 1,757 0., 0000
[ D00 T.%%0 oL U0y
19R 0.00 1,400 0.0000
208 .00 7,200 0% 0000

TTTTTTINLET PRESSURE 7Y BE CINCHES OF R ING PORPLE FLUTD
OUTLET PRESSURE = 0,000 INCHES OF KING PURFLE FLUID

Figure 58.

Computer Analysis of Heat Transfer Data for Sample Problem,
Pages I, II, III, and IV.
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SUMMARY OF PROCESSED DATA_FOR RUN R-19-8

FLOW RATE = 12.5 PAGE III ,
INLET WATER renPERuTuns 45.89 DEGREES F.
=_57.49_DEGREES F.
= 79,69 DEGREES
___._ELECTRIC CURRENT = 2182.0 AMPS
OVERALL VOLTAGE DROP = 9.31 VOLiS
CHANNEL POSITION ANGULAR DISTANCE DISTRNCE DELTA T H €7 7
CDIAMETERSY __POSITION _CDEG, F)__(BTU/MR-__ _ _ H__
CDEGREESD DEG-5G F1) csans HSHY
1R 1.49 0.0 9,20 43.5 1155.3 28.433 948.5 1,184
2R 5.41 0.0 5728 48.D T050.4 28,767 960.4 7,078
3R 9.42 0.0 1.27 48.4 1042. 1 29.110 966.2 1.068
4R 13.40 0.0 5.25 24.2 2053.0 29.452 §32.9 2.103
SR 17.41 0.0 1.24 40,8 1230.5 29,798 965. 1 1.261
R 22,17 0.0 4.4 25.3 1967.8 36,211 946.1 2.016
7R 25,34 0.0 1,27 41.2 1221.4 30,487 975.9 1.251
8R 25.32 0.0 5.25 25.7 1542.4 36,835 956.0 72990
9R 33,30 0.0 1.27 41.7 1208.9 31.184 986.9 1.239
200 33,30 0.0 0.27 ) 12347 37273 3586.8 T.265
19L 35,30 0.0 7.23 24.8 2009. 1 31,361 962.2 2.058
T80 36.29 0.0 6.24 21.¢ 230909 317448 ELY ) 28 (Y A
10R 37.2 0.0 5.25 24.5 2032.7 31.536 964.3 2.083
170 TTTTIRVIE 0.0 355 36.2 1685.9 317844 bxi- 1] 1,696
16L 39.28 0.0 3.25 35.3 1420.7 31.712 984.7 1.456
TSC §0.2 0.0 2. 38.3 T312.2 37,801 90,7 T 3353
11R 41.20 0.0 1,33 40.4 1247.7 31.883 995. 1 1,278
2R £, 0.9 522 25.8 7535, 6" 32048 76T 7987
13R 49:22 0.0 1,27 40.8 1235.2 32,598 1006. 1 1.265
T4R 5326 0.0 T.00 26.1 19132 32,960 YIS T798Y
15R 57.28 0.0 0.00 39.7 1270.3 33,322 1014.7 1.302
T6R 62.47 0.0 0.00 42.6 1186.5 33,192 1025.8 T.216
14L 34,30 120.0 0.27 38.3 1312.2 31,273 982.9 1.344
130 36.29 126.0 6.24 21.9 7270.6 37,3438 358.6 7,328
121 38.28 . 120.0 4.25 26,7 1871.5 31,624 969.2 1.917
it 34,30 240.0 0.27 .3 124973 Ak 3880 127280
10L 36.29 240.0 6.24 25.1 1984.3 31.448 964.0 2,033
9L 36,28 240.0 4,25 3.4 1594.9 37.624 77,0 T.63%
TTTTMERN VALUES ) 748378 377087 97601
“TTTTINTEGRATED LOCAL HEAT TNPUY = 70,796 Wi BTU/HR
OVERALL HEAT INPUT = 69,328 MM BTU/HR
T HEAT REMOVED BY WATER = 73.012 MM ETU/HR
HEAT 0SS ON BASTS OF INTEGR AU INPUT = ~2.216 il &3 0/HK
PER CENT LOSS = -3.04
HEAT LOSS ON_BRSIS UF DUERRLL INPUT = -3.684 MM _BTU/HR
PER CENT LOSS = -5.0
WEAN VR TO THE .14 =  1.0699 MEAN PR 10 THE 1/3 =  2.0683 MEAN PHYSICAL PROPERTIES FACTOR = 52154

PAGE IV

ADCITIONAL PROCESSED

CHANNEL [ TR T¢BY

CMMBTU/FRY CDEG. F> CDEG. F

1R 50,240 89.7 116.9

2R .50,392 94.8 122.2

3R 50. 425 96.0 123.3

4R 49,743 72,6 99.8

SR 56,247 89,9 117.2
6R 49,820 75.2 102.5 49.9
7R 50,259 9.7 7190 50.5
8R 49, 665 76.9 1041 51.2
9R 50,359 93.6 120.9 51.9
20L 50,334 92,9, 120.2 52, 1
190 49,675 771 104.4 52.3
18L 49,785 74.0 101.3 52,5
TOR 49,877 77.2 104.4 " 52.6
17L 50,049 83.1 110.3 52.8
T6L $0.202 88.3 T15.6 53.0
15L 91.5 118.8 53,2
TiR 537 12767 ¥3.%
12R 79.9 107.2 54. 1
13R 5.8 12279 54,8
14R 81.7 108.9 55.5
TSR 96.0 T23.3 5G. 3
16R 99.8 127.1 57.2
T4 90%% TI77 2T
13L 74.4 101.7 52.5
T2C 7978 T06.% 52,8
11L 92.4 119.7 52.1
TOC : .G T04.9 52.9
9L 50,083 84.2 111.5 52.8
MEAN VALUES - 50.1&S 87.7 115.0 51.7

Figure 58. (Continued)



where EMF2
AZAR2

EMF1

AZARL

azar;

emf i

]
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upper reference emf

AZAR reading for channel recording upper reference emf
lower reference emf

AZAR reading for chennel recording lower reference emf
arbitary AZAR reading to be converted to emf

emf corresponding to azar;

For example, in the data of Run R-19-B

RANGE

ZERO

]

2,200 - 1.k400
0.861 - 0,017

0.9478 millivolts

0.017 - 1,400/0,9478 = -1,460

Thus, for channel 9R, for example, where the mean value of the

four AZAR readings is 0,658 the emf is given by

emf

"

]

0.9478 (0,658 + 1,460)

2,008 millivolts

All of the mean values of each item of raw data were printed on

Page IT of the computer analysis, The raw data were converted into

engineering units and presented on Pages III and IV, At each axial

and angular position on the tube the following items are presented on

Page IITI of the analysis,

III-1.
III-2,
III-3.
III-k,
III-5.

III-6.

Channel number

Distance from beginning of heating

Angular position on the tube

Distance to downstream promoter (tube diameters)
Distance from upstream promoter (tube diameters)

Wall temperature - fluid temperature (deg F)
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III-7. h(z), local experimental heat transfer coefficient
(BTU/hr-deg F-£+°)

II1-8. Re,, local Reynolds number calculated using local
fluid temperature

ITI-9. Empirical estimate of h calculated using Sieder-
Tate equation based on local values of the physical
properties (BTU/hr-deg F-ft2)

II1-10. h(z)/h, where h(z) is given by item III-7 and hy is
the overall integrated value of III-8.

On Page IV of the computer analysis the following items are presented.

IV-1, Channel number

IV-2. Local rate of heat flux (BTU/hr-ft2), i.e., q(z)

IV-3. Inside wall temperature (deg F)

IV-k. Outside wall temperature (deg F)

IV-5. Water temperature (deg F)

Mean values of III- , III-8, III-9, IV-2, IV-3, IV-4, and IV-5
were obtained by multiplying each local value by the fraction of the total
tube length it represents (listed on Page II of the computer analysis as
WEIGHT FACTOR) and summing. In addition, local values of (u/uw) and Pr
were integrated in this manner to obtain mean values.

The overall heat input is obtained by

L
Qip = 2nf q(z) az (70)
0

The heat removed by the water was obtained by

Qout =W ¢ <Toutlet - Tinlet) (71)

and, thus, the heat losses were calculated.
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The application of Equations (54%), (56), (58), and (45)
to calculate Twall(z)’ a(z), Te(z), and h(z) can best be illustrated
by an example, Consider the data for channel 9R. This thermocouple
is located 33,30 tube diameters from the beginning of heating; it is
at the O degree angular position (i.e,, where the large majority of
the thermocouples were located), This thermocouple is located L.27
diameters upstream from one promoter and 6,69 diasmeters downstream
from another promoter, The outside tube temperature which was measured
was 120,90 deg F,

According to Equation (54) the inside tube temperature is

given by an equation of the form

2.2
7 - 7). - 2 _ A3(¢I ) _
Frana(2) = ple) = A0 ) (1 + 7 )(1 + BTy) (a-11)

And, according to Equation (56) the local rate of heat flux is given by

an equation of the form

2

a(z) = A)(1+ 7Tb) I (A-12)
where 5 5
3.41276 o [ 2 b (b5 - a )J
A : o b 1n - - (A-13)
34276 5. P (3 + 7) b '
= - -1k
A5 [2n2 (bg- a2)2 Kb} 6 (b - 2) (A-14)
3. 41276 B,
A = A-1
BT oo 2 - e2) a (8-15)
and
g = 1+ Ty (A-16)

1+ BTb
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The electrical resistivity data o and y for type 304 stain-
Py 7

less steel were obtained from the Allegheny Ludlum Steel Corporation(l).
37)

Thermal conductivity data K  and B were obtained from Shelton( .

0

The values of the parameters in the above constants are

a = 045025 inches

b = 0,624 inches

0 = 24265 x 100 ohm-£t
(e}

8.5 BIU/hr-deg F-ft

=~
n

y = 0,00062 (deg F)~L

04000517 (deg F)~+

w
]

From which the numerical values of the constants are

Ay = 5.6259 x 10°©  (deg F)/amps?
Ay = 9.8891 x 105 (aeg 7)/amps”
A, = 9.8389 x 107* BTU/hr-£t2-amps®

For the inside wall temperature of 120,9 deg F

¢ = 1+ 0,00062 x 120,9
1+ 0,000517 x 120,9

I

1.0117
Since the electric current was 2182 amps, then

§1° = 48176 x 10° amps®

and
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(9.8891 x 1072)(4.8178 x 100)2
(1,0625)(1.0749)

Tyell = 120.9 - (5.6259)(4.8178) -

= 120,9 - 27,10 - 0,20

= 93,6 deg F

a(z) = (9.8398 x 107)(2.0749)(2,182 x 10°)°

= 50,355 BIU/hr-ft°

33430 (

T, = 145,89 + o 57.49 - 145.89)

= 51,9 deg F

n(z) = —9%3955
95: 6 - 5119

= 1208.9 BTU/hr-deg F-rt°

The mean value hm/hO of the ratio of the local heat transfer
coefficient to the overall value for the empty tube h(z)/hO was obtained
by fitting a polynomial to the local values as a function of the distance
(in tube diameters) downstream from the nearest promoter, For this

purpose, values downstream from the first and last promoter were not

considered. The following are those which were used for the data of

run R-19-B,
Diameter from Beginning Distance from h(z)/ho
of heating, z Nearest Promoter, x

22,17 3,52 2.016
25,3k 6.69 1.251
29, %2 2,71 1,999
33,30 6.69 1,239
34,30 7.69 1.265
35.30 0.73 2,058
36.29 172 2.367
37.28 2.71 2,083
38,38 3.1 1.696
39,28 b,71 1,456
Lo, 28 5.71 1,34k
k1,20 6.63 1,278
b5, 27 2,7k 1.983

kg, 22 6.69 1,265
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The polynomials which were fitted were of the form
h(x)/ = a.+ a, x+ a x2 + a x3 (A-17)
% 0ot & 2 3

where the coefficients were obtained by the method of least squares,
Values of the coefficients for a first, second, and third order polynomial
and the above data are shown below with the integrated mean heat transfer

coefficient for each case,

Order ap a1 an a

3 by /o
1 2. 433 -0,1719 1. 745
2 2, bk -0, 1605 -0,001311 1, Thk
3 1.9%5 0,382k -0, 1594 0.1292 1.718

The value hm/ho = 1,745 is the value which was used,



APPENDIX B

DERIVATTONS

Derivation of the Conduction Equation

The solution of the conduction equation subject to the
correct boundary conditions is essential to the successful measurement
of local heat transfer coefficients by the experimental technique used
in this investigation, Because of the importance of this equation, it
will be derived in this section; the effect of the various simplifying
assumptions made iﬁ the solution will be shown to be negligible.

A diagram of the longitudinal cross-section of the tube wall,
insulated at the outside, is shown below to illustrate the nomenclature.
Heat generation is in the shaded area. In this analysis the longitud-
inal distance from the EEEESﬂ of the heated section will be denoted by
the symbol y. Thus, the heating section begins at y = -L/2 and

extends to y = +L/2. The inside radius is:a; the outside radius is b,

r

A
Seu i A ECs T

L L s o5
///////////,::@;@:? S /1,
= -L/2 y= +L/2
Fm /

%
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When an electric current passes through the tube wall, heat
is generated. This causes a temperature gradient to be developed so
that the heat will flow to the inside wall,

The differential equation (i.e., the conduction equation)
which describes this process is well known and can be derived as follows,
An annulsar element of the tube bounded by cylindrical surfaces at radius
r and 1r + dr and bounded by planes perpendicular to the axis at ¥y

and y + dy 1is considered as s%?wn below,
Y

dr

Expressions for the heat entering and leaving the element

across each plane can beiwritten as

Input at r -K(2x r dy) g—-f— (B-1a)

Output at r + dr -K(2x r dy) %T«_ - g’—r [K (2x rldy) g—i] dr (B-1b)

Input at y -K(2x r dr) %—g- (B-1c)

Output at y + dy ~K(2x r dr) o S (K (2 r dr) _a_T] dy (B-1d)
0y Jdy dy

These expressions are then substituted into the formula

Input + Generation - Output = O (B-2)
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which is simply the first law of thermodynamics for a steady-state

system, The resulting differential equation is

iﬁ_[rxa_T.J+ é_[Ka_TJ+A=O (46)
r Or or dy L oy
where T = temperature (deg F)
r = radius (ft)
y = longitudinal distance from center of
heated section (ft)
A = rate of heat geperation per unit volume of tube
wall (BTU/hr-ft7)
K = thermal conductivity of the tube wall (BTU/hr-deg F-ft).
The next step is to derive an expression for the rate of heat

generation A
of the tube,

wall is given

where 4dI =

in terms of the electric current and the physical properties

The rate of heat generation per unit volume dV of the tube
by

2
3,41276 (4I) R
av

" (B-3)

electric current passing through the infinitesimal
volume dV (amps) '

R = electrical resistance of the volume (ohms),

However, the volume of any annular segment of the tube of

length dy is

av

The

daI

= 2x r dr dy (B-4)
current flowing through the element is

= 2¢ r J(r) ar (B-5)
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where J(r) = current density at r (amps/ft?).

The electrical resistance of the element is

b &
2n r dr '
where E = electrical resistivity (ohm-ft). The resistivity can

usually be expressed as a linear function of temperature so that

p = p(1+9T) (48)

with v << 1.
Substituting the above expressions into Equation (B-3) the

following is obtained.
. 2, \ —
A = 341276 57(r) o (1 +9T) (B-7)

By assuming that the voltage gradient dE/dy is independent of radius,

then

) - —Ey (5-8)

B, (1+9T)

S——- (8-9)
5. (1+91) x (87 - 8°)

where Eﬁ is an average value of the resistivity determined using the

condition
b
I = Eﬂ.f,; J(r) dr | - (B-10)
b Ip, 2x rdr
I = f = m ) o (B—ll)
5 (1+9yT) x (b° - a%)
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Thus, I o= 3 _bg 75 flfﬂr (B-12)
02
_ (6° - &)
or o= = (49)
‘” f
-1+ 7T
2 2 |
3,276 1
a A L
e o, (1 +97T) (b2 - &2)2 4

Equation (46) and the expressions defined by (L47) and (L49)
represent a complete derivation of the conduction equation for heat gen-
eration in an infinite hollow cylinder, This is a nhon-linear partial
differential equation, The boundary condition at the two cylindrical

surfaces r =a and r =D are

:T (b,y) =0 insulated surface (B-13)
r
T (a,y) = gly) arbitrary function of (B-14)

y depending upon the

inside heat transfer

coefficient

The boundary conditions at any given pair of planes perpendicular

to the axis of the tube (which are necessary in order to completely specify
the problem) are more complicated since, in reality, the hollow cylinder is
not infinite, but is composed of a finite length section in which heat is
generated, This section i1s bounded on each end by a section in which no

heat is generated and into which there will be some conduction of heat.

However, the problem may be treated in the following manner:
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1. Assume that axial conduction may be neglected except within
a certain, short distance from each end of the section of the tube in
which heat is generated. (This implies that OT/dy is constant. )

2, Show that with the assumption of step 1 the problem is

reduced to that of solving a non-linear, ordinary differential equation,

Solve this equation and show that the effect of variation of physical
properties of the tube wall with temperature is small, although comput-
able, (This is done in Part 2 -of this appendix,)

5 Since the non-linear nature of the differential equation
can be shown to be of second-order importance, solve the linear form of
the partial differential equation which allows for heat conduction into
the non-heat-generating portion of the tube and show that, indeed, axial
conduction into this portion of the tube can be neglected within one
tube diemeter from each end of the heated section, (This is done in
Part 3 of this appendix.)

L, Solve the linear form>of the differential equation for an
infinite hollow cylinder with an arbitrary temperature distribution at
the inside wall. Thus, determine the effect of axial conduction caused
by a fluctuating inside wall temperature distribution and show that this

effect is negligible, (This is done in Part 4 of this appendix, )

Effect of Temperature Dependence of Physical Properties of the Tube

Assume that the thermal conductivity and electrical resistivity

of the stainless steel tube are linear functions of temperature so that

K =X, (1 + BT) (50)



and o = Eo (1L + yT) (48)

In order to make Equation (46) solvable, neglect axial con-
duction (OT/dy = constant) so that the equation becomes an ordinary,

but non-linear differential equation,

P, lar, 8 [g_T_TJ, 500276 P Bn o
dr2  radr (1+pT) Lar K5, (L+70)(1 + BT )x“ (b - &°)=
(51)
with the boundary conditions
& (v) = o0 (522)
dr
T(a) = T(a) (52b)
simplify by letting
3, 41276 1° Ei
by = — =772 (53)
g n (b -a%)
(e}
and the solution as suggested by Clark(8) is
Ayl 2 b (b° - &)
(o) o) = gl (3 ) T
2
Ag 3Bty +Hp Ty 4
" {2 Kb:' [6 (T + 7T )(L + BTb):‘ (b-2) (51%)

where the subscript b indicates that the quantity is evaluated at a
temperature T(b)., Notice that the first part of the solution is simply
the solution to the linear form of the differential equation, while the
last part is a "correction" to take care of the effect of the temperature

dependence of K and E.
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The temperature difference T(b) - T(a) caused by the
generation of heat in the tube wall is referred to as Amgeneration'
As was shown in Appendix A for the particular dimensions

and physical properties of the tube used in the experimental portion

of this investigation, Equation (54) is of the following form.

2 L
T(b) - T(a) = 5.6259[u} + 9,8891 x 10'5[u] (1 + T, )(1 + BTy)

1000 1000
/ (B-15)
where
1+

1+ BT,

Since, for Tb < 250 deg F

1.0 < (l+7Tb) < 1,20
1.0 < (L+pTy) < L.20
Lo < ¢ < 1,03

The ratio of the "correction term" to the non-corrected temperature

difference is approximately

Temperature Dependence Correction . 9.8891 « 10-3 I
Tot4l Temperature Difference 5.6259

2
~ -5 I
=1, 10 i
©x [1000}

Thus, at the maximum value of electric current (I = 3000 amps)
the correction is approximately 1,5 per cent, This correction was made
in calculation of all inside wall temperatures from the measurements of
the outside wall temperatures, However, the effect seems small enough

so that any conclusions (for example, on the importance of axial conduction)
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made on the basis of solutions to the linear partial differential

equations should be valid,

Effect of Axial Conduction into the
Non-Heat-Generating Portion of the Tube

Axial conduction can arise in one of two ways: 1) through
conduction into the non-heat-generating portion of the tube; and 2)
through presence of a nonconstant axial temperature gradient at the
inside wall, In this section of the appendix thé first way will be
congidered; in Part 3 of this appendix the second way will be considered.

For this analysis consider the linear form of Equation (46).

2 2

o/
=

(B-16)

+

Q/
=
I

Y|y

= =
.+
<
o
+

==
I
o

o/
NO|

r Y

A solution to this equation is required for a hollow cylinder
of inside radius a and outside radius b, where (A/K) is independent of
temperature and heat is generated in a finite section of the tube between

y = -L/2 and y = +L/2,

Thus, for -L/2 <y < +L/2 A=A,

- <y < -L/2 (B-17)
C+Lf2 <y < 4o A=0

The boundary conditions are
T (a,y) =0 \ (B-188a)
9T (n,y) = 0 (B-18b)
or
or (o,r) =0 (B=18c)
oy
OT (4w,r) = 0 (B-184)
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It is obvious that the solution will be symmetric about
the center of the heated section (y = 0) so that it is only necessary
to obtain a solution for O Sy <o,

Equation (B-16) may be placed in dimensionless form by

defining the following dimensionless variables,

¥ o= 2yt (B-19)
r = 2r/L (B-20)
a = 2a/L (B-21)
b o= op/L (B-22)
F o= AKT/(L?AO) (B-23)

The resulting dimensionless equation is

2m ~ 2
é:g + i QE + é_g + K = 0 (B-24)

%% par P

where for

0 <5y <1 =1
R . (B-25)

l <y < = A=20

with the boundary conditions
T(8,5) = o (B-26a)
B9y = o (B-26b)
oF
I (0,#) = 0 (B-26c)
oy
M
?E(oo,?) = 0 (B-264)
oy

Henceforth, the notation Ts and Te will denote OT/y -and 3T/%,

respectively.,
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Divide the cylinder into two regions, I and II (the heat-
generating and non-heat generating regions), as shown in Figure 59,
Then set fy(F,l) = g(%) at the boundary between I and II, where g(¥)

is some unknown, arbitrary function,

In Region I
éf@ + l.éf + §E@ + 1=0 (B-27)
3P £ OF dY°
with the boundary conditions
B (5,5) = o (B-28a)
f (8§ = 0 (B-28b)
fw ($,0) = 0 (B-28c)
i (£,1). = g(f) (B-284)
In Region II
ﬁ+i§_ﬁ.+ﬁ = 0 (B-29)
of For oy
with the boundary conditions
e (B,9) = 0 (B-30a)
T (8% = o (B-30D)
@3} (F,0) = 0 (Banc)
To (£,1) = g(?) (B-304)
Consider, first, only the solution for region I.
Let Boo= T - (52 - %)k (B-31)
Then
%;% + % %5 + %;% = 0 (B-32)
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3T/3F = 0 -
/ / I/ = 0
. /
3®W€g@%j\ /35 =0
& |
\_M'I“ﬂ=0 I \Z
¥ =0 =1 T=0 ¥ =
I.
B
I
I
|
|
Region I l Region II
|
I
I
|
|
|
|
l
l
|
0 |
Figure 59. Boundary Conditions for Solution of Conduction Equation

Considering Axial Conduction into the Non-Heat-Generating
Portion of the Tube.
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_subject to the boundary conditions

vfx (B)'§’> = %/2
v (,é::g}) = 0
Tw (8,0) = 0
T, (5,1) = &()

Assume v o= OP\ (?) (y' (¥)

Then T + = -\ = 0
Y ar r

For 3\2 positive
R, = & Iy (AF) + ay K (XF)
1}4_ = by sin F) + b, cos (3F)
w2 .
For A~ negative
"R_ = a; J, (A2) - as YO(MI“’)
%j*— = Dby sinh GF) + by cosh (55)
02

For A= =zero
“Ro = allni' + o8
q}o = bl§ + D,
Attempt to find two solutions, V; and V, such that

\i =V1+V2

(B-332
(B-33Db
(B-33c
(B-334

(B-34)

(B-35)

(B-36)

(B-37)
(B-38)

(B-39)
(B-40)

(B-k1)
(B-k2)

(B-43)

)
)
)
)
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with ﬁi satisfying the conditions

'Gf (b,7) = b/2 Gy (#,0) = 0 (thua)

m "y " " (o]

v (&y) = 0 Ve ($,1) = 1 (B-4kd)
and with ¥, satifying

Ve (5,5) = o0 ¥y (£,0) = 0 (B::sa)

V(&%) = o Gy (%,1) = g(¥) (B-454)

b, =1 a, = b /2
1 1
- (B-46)
= — “
b2 = 0 a, = In a

or, in other words
vl = (%2/2) 1n (¥/8) (B-47)

The solutions for «&2 negative will satisfy the requirements

an
for V, if
b, =0 81 = Yo(2)
l M M M (B-)‘l'8)
by, = N sinh & 8, = Jo(kna)

In order to satisfy the remaining boundary condition, §£ will be chosen

such that

a

M m ~“ M m ;’\M
Y, (\2) I1 (xnb) - Jo (28) ¥y (A p) = 0 (B-49)
For convenience it will be useful to define a new parameter

Mo
A, = Aa (B-50)
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so that the relation above is replaced by

Yo(xn) I3 (xnb/a) - J, (xn) Y, (xhb/a) = 0 (B-51)
Thus,

" " o COSH kn§/a

v, = Yo(0) Iy (lnr/a) -3y () Y, (A r/8 ot 17 (B-52)

At this point it will be useful to define the function

A0, F/8) = Yo(0) 3o (0,F/8) - 35(0,) Yo (A T/E)  (B-53)

It can be shown that the A(),,T/&) form an orthogonal set of functions

so that the arbitrary function g(P) may be expanded in the following

manner
8(f) = ZX Mgy /2) (B-54)
n=
Therefore, let
~m = h Ay/8
v, = K A, 7/8) cosh hyy/a (B-55)
= z 0 sinh xn/é
and
w "2 - w wmy COSh A, /&
V = (b /2) In (¥/8) + A A2 ,T/8) — L —~  (B-56)
& n -’ (2,/8) sinh 2 /&
Thus,
- M2 M w2 _ w2 = - ' h mis
T, = g 1n é - iﬁ-z—i—l + j{] A AN, T/B) COSM /% (B-57)
= (2,/&) sinh 2 /&

W
The only remaining problem is the selection of the An.
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The solution in Region II may be written by inspection as
xp (=)

. o - [§ - 11 /4)
TII = z AﬂA(}\n)F/Q) _}\n/é"\y (B"'58)

n=1 1

Now, equate the temperatures at § =1,

T (1) = Tpq(2) (B-59)
and

M2 L Pl 2 m2 - wimy  COSh Ap/E

PRIy (& -89~ ﬁ=l An A0, /8) (3,/4) sinh 2 /8

_ z ey %ﬁl (B-60)
n=1 "

Let . ©

821 (3/8) - (2 - B) = ) B, a0n, ) (B-61)

n=1

where the Bn are to be determined from Sturm-Liouiville theory.

Then
M ~w
A_ cosh A /& -
GO —— ‘n/ = (B-62)
n \,/8 sinh 2 /8 2 /&
The solution for :Afn becomes
“ M . M
A = - (2,/8) sinh /8 exp (- \,/8) Dy (B-63)
The expansion for Bn which satisfies Equation (B-61) is
M M2
D, = - _______2 T Z (B-62)
2 (g2 - 1)
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where
by = ToO)/T (B/E) = 3o(0)/3,0,5/8) (B-63)
Thus
Yo (sinh xn/girexp (-2, /&) 2x & (B-6%4)
. A(8, - 1)
Substituting into Equations (B-57) and (B-58)
R R N A PR
I 2 & k4
0 D )\n . }\n " ~
=9 = [exp[a— (F -1+ e [- 52 (7 + 1)1}«%;)
n=l “mn ‘°n
(B-67)
and ©
” ey [1 - exp (-2),/8)] /o e
Tr= -5 zz T2, l?n/ exp [-(0/8)(F - 1)1a(2,f78)
n=l ‘n 'Sn

(B-68)
Replacing the dimensionless variables by the physical variables, the
following solution is obtained, It may be observed that the solution
(B-67) is valid for ¥ < O and is symmetric asbout ¥ = O,

For |y| <1/2

) - 85 (& - 3[@f -]

(o]

; _ . |
+ nzl -———}‘i(zg'l) [exP[g- (y - L/2)] + exp[-;f‘1 (v + L/Q)ﬂ/\()\n,r/a)}

(B~69)
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for y>L/2
I(ry) = - AgKa2 Zl FreE 1 el 2,0/3)] el - iy /2]
x A(y,r/a) (B-70)
where A(xn,r/a) = Yo(2,) Jo(ayr/a) - Jo(n,) Yo(a,r/a) (B-71)
with the ), satisfying
Y, ()3, (yp/a) = 35 (0) ¥ (A b/a) (B-72)

and

= JO(kn) - Yo(ln) )
n Jl(kn?/a) Yl(xnb/a) (B-73)

»

The first three roots of Equation (B-72) were determined for
values of b/a equal to 1,100, 1.2418, and 1,5000, The rééuits are pre-
sented in Table V, In Table VI the corresponding values of the function
A(N,,r/a) are tabulated.

It should be noted that the first part of the solution (B-69)
outside the summation is simply the solution to the linear, ordinary
differential equation, The part inside the summation accounts for
axial conduction into the portion of the tube where there is no heat
generation,

The dimensionless form of the solution (at r = b) is plotted
in Figure 60, It is apparent that the "end effect" extends for a dis-

tance of less than one or two diameters from the beginning or end of
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02
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DISTANCE FROM END OF HEATED SECTION , ¥ —L/2 (TUBE DIAMETERS)

0 ~

Figure 60. Dimensionless Form of Solution for Axial Conduction
into the Non-Heat-Generating Portion of the Tube,
Showing that the End Effect is Negligible.
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the heating section and outside this region axial conduction into

the non-heat-generating portion of the tube is negligible.

TABLE V

FIRST THREE ROOTS ); OF EQUATION (B-72) AND
ASSOCIATED VALUES OF Ei FOR b/a = 1.100, 1.2418,

AND 1,5000.,
b/a = 1,1000 b/a = 1,2418 b/a = 1,5000
M 15, ko6l 6.2146 2.8899
A, 47,02k 19.3979 9,3448
lB 78, 180k 32, ho68 15,6602
£y 1.0k79 1.1092 1,205k
38 -1, 0487 -1,1138 -1,2228
€5 1.0488 1.11k2 1.2240

Effect of Axial Variation of Inside Wall Temperature Gradient

It was shown in Part 2 of this appendix that longitudinal
conduction into the non-heat-generating portion of the tube can be
neglected except for a short distance within one diameter of each end
of the heated section, In this part of the appendix, it will be shown
that the effect of longitudinal conduction caused by any axial varia-
tion in the inside wall temperature gradient is also negligible,

For this analysis a solution will be developed for the
general case where T(a,y) is not zero, but some arbitrary function

g(y). This solution will then be interpreted in terms of the parameters

of the experimental apparatus used in this investigation,
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TABLE VI

THE FUNCTION A(,,r/a) FOR b/a = 1,100, 1,2418,
AND 1,500 AS A FUNCTION OF (r-a)/(b-a)

r-a b/a = 1,1000 b/a = 1,218
0. 000 0.0000  0,00000  0,00000 0.00000  0,00000  0,00000
0,100 -0,0063 <0,00610 =0,00570 -0,01515 -0,91466 -0,01370
0,200 -0.0124 -0,0108% -0,00803 -0,02962 -0,02585 -0,01917
0. 300 -0,0182 -0,01317 -0,00566 -0,04309 -0,03126 -0,01345
0, 400 -0,0234% -0,01264% -0,00002 -0,05530 -0,02987 -0,00009
0,500 -0,0281 -0,00939 9,00558 -0,06601 -0,02214%  0,01303
0. 600 -0,0320 -0,0041%  0,00788 -0,07502 -0,00983  0,018%k
0. 700 -0,0%352 0,00196  0,00557 -0,08217 0.,004%31  0,01295
0.800 -0,0375  0.,00757  0,0000k4 -0,08734  0,01725 0,00018
04 900 -0,0389  0.01150 =-0,00547 -0,09046  0,02624 -0,0124k4
1,000 -0,0%394%  0,01291 -0,00773 -0,09150 0,02944% -0,01761
r-a b/a = 1,5000
b - a

Ay Aa As
0. 000 0.00000 0,00000  0,00000
0.100 -0,03095 -0,02994% -0.,02798
0.200 -0,05984% -0,05222 -0,03874
0,300 -0,08621 -0,06256 -0,02696
0. %00 =0,10971 -0,059%36 -0,00031
0,500 -0,13001 -0.04378  0,02543
0. 600 -0,14685 -0,01963  0.03%564
0, 700 -0,16006 0,00774+  0,02509
0,800 -0.16951 0,0%248  0,00058
0,900 -0,17515 0.04951 -0,02340
1,000 -0,17702 0.05553 =-0,03317

If a solution can be obtained to

. 2
ﬁa}l' 10T , O°T = 0 (B-?ll—)

— —

dr? r dr Oy°
iseq, the linear equation for no heat generation in the tube wall
)

subject to the boundary conditions

d
gg (byy) = 0O (B-T52)

T(a,y) = g(y) (B-T5D)
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and if the solution is added to the solution to (B-16) which
accounts for the effect of heat generation, then (because the
partial differential equations are linear) one will still have

a solution to (B-16) but with the boundary condition

T(a,y) = 0 (B-18a)
replaced by

T(a,y) = gly) (B-76)

Represent g(y) by the sum of a linear term plus a Fourier

series expansion between the points vy and Yo

~s

B cos {nﬁ ﬁz;:_z;l] (B-77)

g(y) = T(ayyy) + m(y-y;) + n (7o-v1)

1

n

Then simplify the writing of g(y) by replacing Yo = ¥, With S and from

1

Carslaw and Jaeger(7> the solution is

T(r,y) = T(a,yy) + n(y - y1)

- 5 (v -y1)7 Io(nnr/s)Ky(nnb/S) + Ky(nnr/S) Iy (nmb/S)
i-'EZ cos[nn S ] Io(nna/s )K; (nnb/S )+ Ky(nna/s )I; (nnb/S)

)
(B-78)

In particular

0

™(b,7) = Tayyy) + mly -yy) + ) S(na/5,b/a) cos [ox (y-7,)/6]
o (B-79)

where 8(na/S,b/a) is a "damping function" equal to

_ Tylmr/B)Ey (neb/8) + Kolmer/S)Ty(amnfs)
5(na/s,b/a) = Ig(nﬂa/S)Kl(nﬂb/S) + Kg(nﬂa/S)Il(nﬂb/S) (8-80)

This function is plotted in Figure 61 for b/a = 1.2k,
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04 - ‘\

02 \

na/s

Figure 61. Damping Function Defined by Equation (B-80)
as a Function of the Parameter na/S,
5(na/s, b/a) vs. na/s, for b/a = 1.2k,
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Of course, AT must be added to the above in order

generation
to account for the temperature difference between inside and outside
tube wall due to internal generation of heat, The general solution
will now be interpreted in light of the specific experimental condi-
tions encountered in this investigation,

For water being heated at a constant rate as it flows in
an empty tube with constant heat transfer coefficient the inside wall
temperature distribution is linear, showing only the steady rise in
temperature caused by heating of the water, From Equation (B-79) it
is seen that this linear temperature change is transmitted through
the tube with only the magnitude of the femperature changed by a

constant amount AT along the length of the tube as would

generation
be given by Equation (54), This is also true for a tube with a solid
rod in the center, or for any ofher geometry for which h(z) is constant,
However, when turbulence promoters are inserted at uniform
spacing, causing the inside heat transfer coefficient to vary periodi-
cally, then the inside temperature will also vary periodically and
this variation will be superimposed on the linear increase in the
temperature caused by the heating of the water, Thus, a typical
(although extreme) example of an inside wall temperature distribution
is shown in Figure 62,

The equation describing the inside wall temperature as a

function of y 1is

T(y) = Tp(-1/2) + m(y - L/2) + AT o+ AT oaic (B-81)
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|

ATperiodic ~ ATmean

-y (o] +Y
LONGITUDINAL POSITION, y
Figure 62. Sample Hypothetical Values of Fluid Temperature
and Inside Wall Temperature as a Function of
Longitudinal Position, Te(y) and Ty(y) vs y, for
Rapidly Varying Inside Wall Temperature,
'\0 N L) )i Al
OUTSIDE WALL TEMPERATURE
FOR NO DAMPING"\
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050 > ==
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OUTSIDE WALL Pid
-090 e’
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-03 -0.2 -0l 0 0.10 0.20
LONGITUDINAL POSITION , y
Figure 63. Effect of Neglecting Damping of Outside Wall

Temperature When Inside Wall Temperature is
Rapidly Varying with Iongitudinal Position.
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The fluctuating cqmponent of the temperature difference ATperiodic

in this example is defined for 0 <y < S Dby
- 2y
Alperiodic = “Tnean = [ATmax = ATpeanlls™ - 11 (B-82)

The Fourier series expansion of the last term is

00

ATperiodic - ATmean 5 = | A cos [QEEJLEJEXJ (3‘85)

Aﬁhax - Ammean k=0

L%i 2k+1)2 OS[(QkJrSl)ﬂy} (3-84)

The temperature distribution at the outside wall according to

Equation (B-79) is given by

T (y) = Tf(-L/ej + m(y +L/2) + AT + AT

b mean ﬁeriodic + ATge:rlera.tion (-85)
where AT . is the temperature increase from r = a tor =D

generation

caused by heat generation alone, If the solution of the linear ordinary

differential equation is used, this term is

2 2
ATgeneration - 2 K, [b In (=)— —————————} (B-86)

t " " .
The term ATperlodlc is the "damped" fluctuating component of

the temperature difference

[l L3
periodic ATperiodic

8(na/s,b/a) (B-87)

For the example chosen (8 = s = 2 tube diameters, S/a = L, b/a = 1,24)

the first 11 coefficients of the Fourier series expansion are listed
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below, with the argument of the damping function, and with the value

of the damping function to be used in Equation (B-80),

k Ay (2 + 1)/%  s[(2k+1)/k, 1.24]
0 8,106 x 107+ 0425 0, 9822

1 9,006 x 10-2 0,75 . 0.8568

2 3,242 x 10-2 1.25 0,6731

3 1,654 x 102 , L75 0. 4956

n 1,001 x 10-2 2,25 0, 3425

5 6,696 x 10-5 2,75 0, 2465

6 4,796 x 10°3 3,25 0,1711

7 3,603 x 10~2 3,75 0, 1184

8 2,805 x 103 4,25 0.0818

9 2,245 x 1070 4,75 0,0565
10 1.838 x 1070 5,25 0, 0391

Values of the term (ATperiodic h A‘Tmeam)/(Ammax - AE[‘mean) are

listed below, In the first column the values are for the true function
given by Equation (B-82), 1In the second column the values are for the
Fourier series expansion valid at the inside wall (or at the outside
wall if there is no damping), In the third column are values for the
damped Fourier series valid at the outside wall, The "true values"
Qﬂﬂch.would be predicted neglecting damping) and the damped value pre-

dicted are plotted in Figure 63,

¥ True Value Approximation by Damped Value at
Fourier Series Outside Wall
0,00 -1,0000 -0, 9816 -0, 9102
0,20 -0,8000 -0,8009 -0,7926
0. 40 -0,6000 -0,6013 -0.5995
0,60 -0, 4000 -0, %010 -0, 4000
0,80 -0, 2000 =0,2005 -0,2000
1,00 0, 0000 0, 0000 0. 0000
1,20 02000 0, 2005 0, 2000
1. %0 0, 4000 0, 4010 0, 4000
1,60 046000 0,6013 0,5995
1,80 0, 8000 04,8009 0. 7926

2,00 1, 0000 0,9816 0, 9102
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It can be seen that the damping causes an error of approxi-

mately 7 per cent of [AT

max - AT

nean) @b the acute "peak" of the

fluctuating temperature distribution, At all the other points tabulated
above, however, there is a negligible différence between the damped and
undamped temperature distribution, Since, 1) this is a very extreme
example emphasizing damping; 2) the error at the worst point is only

T per cent of [ATpay - ATyeanl] and  [AT, .y = ATyean] 1s usually only
a small part of the total temperature difference between fluid and wall;
3) the error is compensated for in obtaining the integrated mean heat
transfer coefficient, because it reduces the temperature difference at
one point, but increases it at another, The conclusion is that axial
conduction caused by variation in the inside wall temperature may be

neglected in processing the experimental data of this investigation,

Estimate of Accuracy

In the preceding section it was shown that, in theory, if
the outside tube temperatﬁre were known exactly as a function of longi-
tudinal position and if the physical properties of the tube were known
exactly, then the inside temperature of the tube (and, in turn, the
heat transfer coefficient) could be determined exactly. In this
section a discussion is given of the errors introduced by the practical
limitation that the outside wall temperature and the physical proper-

ties of the tube are not known exactly,

Accuracy of the AZAR Recorder

The emf produced by the thermocouples on the outside tube

wall were measured by a Leeds and Northrup Speedomax AZAR recorder,
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An average of four readings (each recorded at intervals of about

30 seconds) was taken to reduce any random errors by the recorder,
For each run in addition to the two known reference emfs introduced
into the AZAR recorder for use in calibration, at least one of the
tube wall thermocouple emfs was measured separately using the 8662
portable precision potentiometer, The particular thermocouple to
be used was selected randomly for each run and was used as a check
on the accuracy of the AZAR recorder,

A frequency distribution of the difference between the emf
obtained from the AZAR recorder and the check value obtained by the
8662 potentiometer is shown in Figure 64, It can be seen that the
error is roughly normally distributed with a mean of zero and was
usually less than‘i 15 microvolts, This corresponds to an error of

about + 0,70 deg F,

Effect of Temperature Difference Across Mica Insulation

A second source of error in measuring the outside wall
temperature is the fact that the thermocouples were separated from
the outside tube wall by a thin (0,002 inch) sheet of mica to provide
electrical insulation, An exaggerated diagram of the outside wall
thermocouple is shown below,

The following nomenclature will be used to estimate the

- temperature difference across the sheet of mica,

let b = outside radius of tube (0,612 inches)
ry, = Outside radius of insulation (1.5 inches)
tyica thickness of mica (0,002 inches)
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Tb = temperature at outside radius of tube
Ting = temperature at Tins
Tomp = ambient air temperature
Tie = temperature measured by thermocduple at outside
edge of mica sheet
qr, = heat loss per unit area measured at the outside

radius of the tube
K joq = thermal conductivity of mica (0,25 BIU/hr-deg F-ft)
K. = thermal conductivity of Fiberglas (0.05 BIU/hr-deg F-ft)

h. = convection coefficient for heat tréﬁsfer by natural
convection from Fiberglas to air.

tube wall

D)
/ Fiberglas
~V4
A %
7 /4

alr

§d§¢f1 )
W%&ﬁ N
\'%'.“w [ thermocouple
4.“
' !

{ :
() \'éi‘; !‘r \\~

ins

IR

(28)

Using simplified correlations recommended by McAdams for
the convection coefficient from vertical cylinders to air, the largest
value obtainable for temperature differences less than 140 deg F at

distances greater than 1 foot from the bottom of the tube is

1 BIU/hr-deg F-f£2, The following equations may be written
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Ty 'tTamb = | mica + b In rins/b + t (B-88)
ar, Knica Keg he Ting/P
_ [ 0,002, 0,612 1n 2,52 ~_ 1 (B-89)
12 x 0,25 12 x 0,05 1 x 2,52
= 0,667 x 1070 + 0,945 + 0,297
= 1,3k
The ratio
Ty - Tye  _ 0,667 x 107D e
T -T 1.3k
b b
- X (B-90)
= 4,98 x 10~

or, in other words, the error due to reading T., instead of Ty is
approximately 0,05 per cent of the difference between Tb and Tambu
Since the outside wall temperature was always less than 100 deg F
greater than the ambient air temperature, the error caused by the

temperature difference across the mica insulation was less than 0,05

deg F,

Propagation of Errors in Calculating Local Heat Transfer Coefficients

The two important calculated quantities (i.e., dependent
variables) which must be evaluated from the physical properties of
the tube and the experimental measurements (i,e., the independent
variables) in order to obtain the local heat transfer coefficient

are q(z) and AT The error in these calculated quantites

generation®

which is propagated by the defining Equations (56) and (54) will be

estimated in this section.
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In symbolic form

"

q(z)

function of (a,b,Es,KO,y,B,Tb,I) (B-91)

AI-Ilgeneration function of <a’b’po’KO’7’5’Tb’I) (B-92)

A propagation constant for eachof the independent variables (a,b,...etc.)
applicable to each of the above relations will be defined, The propa-
gation constant is the percentage change in dependent variable causéd
by a change of one per cent in the value of the independent variable
(with the other independent variables held constant). These constants
were evaluated by numerical partial differentiation of the defining

expressions, They are listed below,

. Propagation
Independent Propagation Constant . for

Variable Constant for q(z) Nlgeneration

a "lg‘ 2 +2a 8

b ~048 -6.1

Y +0,09 +0,09

B -0,06 0

50 +1,0 +1,0

KO +1,0 0

Tb +0,01 +04,09

I +2,0 +2,0

The estimated maximum error associated with each independent

variable is listed belowy

Independent N
Variable Absolute Error Per Cent Error
a - 0,002 in, - 0, 1%
b 0,002 in, 0, 4%
y Error is Relative 54 0%
B Error is Relative 56 0%
P Error is Relative 56 0%
Ko Error isiRelative’ 56 0%
T 5 amps 045%
Ty ldeg F 0.6T%
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The maximum percentage error associated with q(z) and

AT is the sum of the absolute values of the products of

generation
the relative error of each of the independent variables and its
propagation constant, This is thé error that would occur if each
error were in the proper direction so that it exerted its maximum
effect, In practice, these errors tend to compensate and a better,
statistical estimate of the relative error of the HHependent variable
is given by the square root of the sum of the squares of the products
of the relative errors and propagation constants, On the basis of the
statistical procedure, g(z) is accurate to within + 5 per cent and
Awgeneration is accurate to within + 7 per cent,

The temperature difference between inside wall and fluid
(Tg - Tp) 1is actualiy required in the calculation of the heat transfer
coefficient, The error associated in this term is given by the sum of
the errors (or statistically by the-square root of the sum of the

squares of the errors) in Ty, AT » and Tp,

generation
The error in determining Ty (caused by error introduced by
the temperature difference across the mica insulation and by the AZAR
recorder) is less than 1 deg F,
The error in determining Tf is less than 0,05 deg F.

The error in calculating AT was shown to be less

generation
than 7 per cent, Since Algepergtion Was almost always less than 25
deg ¥, the absolute error in it was less than 1,75 deg F,

Thus the error in (Ty - T¢) on a statistical basis may be

considered less than + 2,08 deg F,



APPENDIX C

ORIGINAL AND PROCESSED DATA

In the course of this investigation over 15,000 local heat trans-
fer coefficients and over 750 values of the overall pressure drop were
measured. In order to present all of the original data a volume almost as
large as this dissertation would be required. An attempt will be made,
however, to present the data in a semi-processed form with enough informa-
tion so that the values of the original measured variables can be "back-
calculated."

Table VII is a summary of the experimental conditions used. It
lists the geometry, diameter ratio, spacing, number of promoters (for
bluff-body promoters), peat transfer run number, number of flow rates for
which heat transfer data were obtained, and the pressure drop run number.
This table serves as a guide to the location of the data. In order to
find the original data corresponding to any particular geometry, the first
step is to locate the appropriate run number from Table VII.

Tables VIII, IX, and X present the constants C(s,d) and n(s,d)
for use in the Equations (64), (65), and (67) to predict the friction
factor f, the effective drag coefficient fD’ or the heat transfer coef-
ficient ratio hm/ho as a function of Reynolds number for a given geom-
etry. In addition, values of the respective variables calculated by the
appropriate equation are tabulated at various values of the Reynolds num-
ber. These are the values used in preparing the cross-plots of Figures
26, 27, 31, 32, 38, 39, 42, and 43. |

Table XI presents the isothermal friction factor and effective

drag coefficient (where applicable) as a function of Reynolds number for

~202~
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each pressure drop run. The water temperature for each run was always
greater than Lo deg. F and less than 70 deg. F, depending upon the particu-
lar time of year when the run was made. The exact value of the fluid tem-
perature for each run is listed (as the inlet temperature) with the heat
transfer data in Table XII.

Thus, the mass flow rate can be "back-calculated" using Equation
(21). Since the number of promoters np is given in Table III, the pres-
sure drop may be calculated using Equation (62) or (22). The inches of
purple indicating fluid or mercury may then be calculated using Equation
(A-2a) or (A-Qb). Most of the pressure drops were measured with the
purple fluid, unless this was greater than 100 inches in which case mercury
was used.

Table XII pres;nts the integrated results of the heat transfer
measurements. For each geometry, diameter ratio, and spacing, the overall
(i.e. mean) value of Reynolds number Rem, heat flux g, heat transfer
coefficient ho for the empty tube calculated using the Sieder-Tate Equa-
tion (18), heat transfer coefficient ratio hm/hog the factor (u/uw>o°14 X
Prl/5 (k/D), and the inlet water temperature are listed.

Table XIII presents the local heat transfer coefficient ratios
h/hO at each longitudinal position on the tube. In addition, the distance
Ezgg the nearest promoter x (where appropriate) is given. For longitudinal
stations upstream from the first promoter, the distance from the promoter
is listed arbitrarily as zero.

From Table XIT the heat flux q and inlet water temperature

T ¢ may be obtained. The fluid temperature at any longitudinal distance z

inle
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in tube diameters from the beginning of heating may be calculated from

21 D2 Z q
Te(2) = Ty pep ¥ = (¢-1)

From Table XII the mean value of the heat transfer coefficient hO fér
the empty tube is listed. Thus, using the value h/ho at each longitud-
inal position, the actual value of the heat transfer coefficient may be
obtained at each longitudinal position. Since h and q are known, the
inside wall temperature may be determined from

Tya11(2z) = Te(z) + g/h (c-2)
In a similar fashion, almost all of the measured experimental variables
can be recovered from the data presented in this appendix.

For longitudinal positions marked with an asterisk (*) the data
were for an angular position of 120 degrees and for the longitudinal posi-
tions marked with a plus (+) the data were for an angular position of 240
degrees.

All of the information in Tables VIII to XIII was obtained from
punched cards used and prepared by the computer at various stages in the
data processing. Thus, thé number of significant figures does not indicate
the estimated precision of the quantity printed. A detailed discussion of

the precision of the data is given on pages 103-110,
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TABLE VII
SUMMARY OF EXPERIMENTAL CONDITIONS

Geometry da s |n Heat Transfer F'J Pressure Drop
Pl Run Numbers Run Number
EMPTY TuBE 04000 =— --P-l TO P~14 14|P-1
EMPTY TUBE 06000| ===|==|R=1=A TO R=1~I 9| P=2
SOLID ROD IN CENTER OF TUBE 00125| 040|==|R=3=A TO R=3-E 5| A=2
THREADED SOLID ROD IN CENTER OF TUBE 06250 040]|==|R=2=A TO R=2-1 9|A~1
SOLID ROD IN CENTER OF TUBE 04625| 040|-=]|R=28-A TO R=28-E| 5|A-27
SOLID ROD IN CENTER OF TUBE 0¢750| 0e0]~=|R=29=-A TO R-29-E] 5|A-28
DISKS 0e625[1240| 4|R=13=A TO R=13-E| 5|A=~1ll
DISKS 00625| 840| 6/R=12=B TO R=12-E| 4[A~12
DISKS 04625| 440]12|{R=14=A TO R=14-E| 5|A=13
DISKS 06625 240|11|R=24~A TO R=24~E| 5|A=23
DISKS 06750|1240] 4|R=5=A3BsC9oAND E 4l A=4
DISKS 06750/ 1240] 4|R=6=D TO R=6=E | 2|A-5
DISKS 00750| 840]| 6{R=7=A TO R=7=E 5| A=6
DISKS 00750| 840] 6|R=27=A TO R=27=E| 5|A=26
DISKS 00750| 440|12|{R=8=A TO R=8-E | 5|A=7
DISKS 0,750| 240| 11| R=26=A TO R=26~f| 5| A=25
DISKS . 00875{12e0| 4|R=9=~A TO R=9=E 5| A=8
DISKS 0e875| 840| 6|/R=10~A TO R~10=E| 5]|A=9
DIsKsS 06875| 40| 8|R-11=A TO R=11=E| 5|A-10
DISKS : 06875]| 240| 8|R-25-A TO R=25-E| 5|A-24
STREAMLINE SHAPES 06625]1240| 4|R=15=A TO R=15=E| 5|A=14
STREAMLINE SHAPES 0e625| 840| 6|R=16=A TO R-16=E| 5|A~-15
STREAMLINE SHAPES 0e625] 440| 6|{R=17~-A TO R-17-E| 5]|A-16
STREAMLINE SHAPES 0e750|12¢0| 4|R=18«A T R-18~E 5|A=17
STREAMLINE SHAPES 00750| 840| 6|R=19-A TO R-19~E| 5]|A-18
STREAMLINE SHAPES 06750 440| 6]R=20~A TO R=20-E| 5|A~19
STREAMLINE SHAPES 04875]1240| 4|R=21=~A TO R=21~E| 5]|A=20
STREAMLINE SHAPES 0e875| 840| 6|R=22~A TO R=-22-E| 5|A=-21
STREAMLINE SHAPES 04875 40| 6|{R=23-A TO R=-23~E 5 A=-22

* Number of flow rates for which heat transfer data were obtained
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TABLE VIIT

CONSTANT C(s,d) AND n(s,d) USED IN FRICTION FACTOR
CORREIATION EQUATION (64) FOR INDIVIDUAL PROMOTER COMBINATIONS

100xf at various values of Re/1000
Re/1000

Geometry | AP Run| s a |c(s,d)| n(s,d)] 5 10 20 30 4o 50
SOLID ROD | A=1 00| 06250|666240| =041255[24274 24085 14911 14816 16752 1,704
SOLID ROD | A=2 000/ 00125|7¢5207| 04230714053 064898 04765 04697 04652 04619
SOLID ROD | A=27 060]00625]19¢190|«061271]66738 64169 5,649 54365 56172 54028
SOLID ROD | A-28 060/ 06750[516594| =041217|{ 18634 16485 1549 1l4eT4 14423 13486
DISK A=11 1260/ 06625|861420|=060620]40910 44600 44180 44110 4¢070 34999
DISK A=12 890 00625|7e4316|=040173| 66417 66341 64265 64221 64190 60167
DISK A=13 440]00625(607241| 060425194657 94945 10424 10042 10455 10465
DIsSK A=23 200/ 06625[863359| 040731{15e52 16633 17418 17670 18,07 18437
DIsK A=4 1260|0750 640253|=041612|16627 14455 13601 12409 11664 11422
DIsK A=5 12¢0]06750]|150320|=040100714e08 1398 1389 13683 13479 13476
DISK A=6 8¢0]06750|176833| 06009219430 1942 19455 19462 19467 19471
DISK A=26 800|06750|14¢255| 04016216637 16655 16674 16485 16493 16499
DISK A=T7 400/106750[256298| 04022030453 30499 31648 31476 31696 32411
DISK A=25 260]06750|845280| 04174037653 42435 47480 51630 53,94 56408
DISK A-8 1260/ 06875|56¢884|~040084(52697 52467 52436 52418 52406 51696
DIsK A=-9 860/ 0e875|72e954| 040066|77e20 77055 T7e91 78ell 78426 78438
DISK A-10 440{00875(101694]| 040435|14707 15242 15668 15946 16167 16342
DISK A=24 200]0e875[126448| 040670122369 23445 24547 25245 25Te4 26143
STREAMLINE| A=14 1260/ 04625/ 942961 | =061579|26423 26172 14947 1¢826 14745 14685
STREAMLINE| A=15 800/ 00625(156734]|=061754[36533 34128 24770 24580 24453 24359
STREAMLINE| A~16 400]00625[200934|=061657|56105 44551 44057 3793 34616 34486
STREAMLINE A=17 1240| 04750( 17¢041{~01310{54583 54099 44657 4417 40254 44131
STREAMLINE| A-18 800/ 00750/ 280835]|=041520] 70902 Telll 04400 64017 5759 54567
STREAMLINE| A=19 440] 06750| 374155| ~061264| 12666 11460 10463 10609 94736 94465
STREAMLINE| A=20 12¢0] 00875| T0e880| =001190] 25673 23469 21681 20678 20408 19456
STREAMLINE| A=21 80| 06875/ 123605 =041355]| 38481 35433 32416 30444 29428 28441
STREAMLINE| A=22 440] 00875| 190668| ~061230| 66487 61041 56439 53464 51478 0=38
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TABLE IX

CONSTANTS C(s,d) AND n(s,d) USED IN CORRELATION EQUATION (65)
OF EFFECTIVE DRAG COEFFICIENT FOR INDIVIDUAL PROMOTER COMBINATIONS

100xfy at various values of Re/1000

Re/1000

Geometry | AP Run| s da |c(s,d)| n(s,d)] 5 10 20 30 40 50

DISK A=11 | 1260 06625] 222407 =060280]| 17469 1716¢5 16862 16643 16540 16440
DISK A=12 80| 00625| 170460| =040020| 16768 16766 167¢3 1672 16761 16740
DISK A=13 400| 00625] 103649| 06035714063 14348 14704 149,6 15141 15243
DIsK A=23 200] 00625| 386280| 061192| 10567 11448 12447 13049 13544 139,1
DISK A=4 1260} 06750} 244642| =060265| 19540 19165 18840 18640 184¢6 18345
DISK A=5 1260]|06750| 241649| ~060100]| 22148 22062 21847 21748 21762 21642
DIsSK A=6 800/ 00750| 203413] 040017|20640 20603 206¢5 206¢6 20607 20648.
DIsK A=26 8¢0|06750| 132¢00] 060288| 16848 17262 175¢7 17768 17943 18044
DISK A=T7 440/ 04750] 132458| 060248] 16348 16646 16945 17142 17264 17344
DISK A=25 2¢0[06750] 306520] 061458| 10567 116¢9 129¢3 13742 143¢1 14748
DISK A=-8 1260]| 06875| 204609]| =060121| 18440 18265 18049 18040 179e4 17940
DISK A=9 860{064875| 161670] 040095|175e4 17665 17707 17844 17849 17942
DISK A=10 400]06875|137602] 060277]17306 176¢9 180¢4 18244 18349 18540
DISK A=24 200/ 04875/ 87¢250| 040478|131e2 13506 14002 14249 14449 14649
STREAMLINE| A=14 1260/ 00625] 150067] =060949| 67015 62488 58487 56466 55413 53498
STREAML INE| A=15 8¢0]06625] 199¢67| =061153]| 74480 6905 63675 60084 58485 57436
STREAMLINE| A-16 440]00625|199¢04] ~061361| 62642 56480 51469 48e¢91 47403 45462
STREAMLINE| A=17 12¢0]0e750| 173602| =0¢0985] 74075 69481 65420 62465 60690 59458
STREAMLINE| A-18 8¢0] 04750 263632| ~041449| 76460 69428 62066 59408 56467 54486
STREAMLINE| A=19 460]06750] 160471] =061096| 63620 58458 54430 51¢94 506433 49011
STREAMLINE| A=20 1260]06875| 248456] ~041236| 86472 79060 7307 69¢49 67407 65624
STREAMLINE| A=21 8¢0[00875| 262470| =041302]| 86062 79615 72431 68459 66407 64418
STREAMLINE| A=22 4¢0|0e875 198.72:-001145 T4493 69¢2]1 63493 6104 59406 57657
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TABLE X

CONSTANT C(s,d) AND n(s,d) USED IN CORRELATION EQUATION (67) OF MEAN HEAT
TRANSFER COEFFICIENTS FOR INDIVIDUAL PROMOTER COMBINATIONS

hm/ho at various values of Re/1000

Re/1000

Geometry |HT Run| s | d |C(s,d)| n(s,d)| 5 10 20 30 40 50
DISK R=13 1240/ 06625| 207532| =040605[14645 14577 14512 1476 16456 1e431
DISK R=12 840[ 04625/ 349618[=040792|26017 14909 14808 14750 14711 14681
DISK R=14 440[00625| 643460] =061059] 24575 20392 2,223 24130 24066 24018
DISK R=24 200/ 00625|346284| =040534]24302 24218 2,137 24092 24060 24035
DISK R=5+6 | 1240/ 04750| 700341|=041355(20218 24019 14838 14740 14673 14624
DIsSK R=7+27 | 840 06750| 640226/ ~041008| 24553 24380 24219 24131 2070 24023
DISK R=-8 440[00750]9¢5482[ =041267|34246 24973 2,723 24587 24494 24424
DISK R=26 240/ 04750/ 640535| =040803| 34054 24889 24732 24645 24584 24538
DISK R=9 1260[ 06875| 545118/ =040849]| 24675 264522 24378 24298 24242 24200
DISK R-10 840/ 00875/ 844104| =001112|34262 34020 24796 24672 24588 24524
DIsK R=11 440| 06875[ 567542 =040479(34825 34700 3,598 34510 34462 34426
DISK R=25 200/ 04875/ 448231| =0640144| 44265 44223 44181 44156 44139 44126
STREAMLINE| R=15 1240] 08625| 142934| 040053 14237 14232 1,228 14225 14223 14222
STREAMLINE| R=16 840/ 04625[241630[ ~040487| 14429 14382 1,336 14310 14292 14278
STREAMLINE| R=17 440] 00625 4¢0624| =040983| 14759 10643 14535 14475 10434 14403
STREAMLINE| R=18 1240[{06750(261214| =040328] 14604 14568 14533 14513 14499 14488
STREAMLINE| R=-19 840[00750|504733] 00109424156 16998 14853 14773 14718 14676
STREAMLINE| R=20 440|00750] 443002 04078124211 24099 14983 16922 14879 14847
STREAMLINE| R=21 1260/ 00875/ 4¢6661| =040873| 24218 24088 14965 14896 16849 14814
STREAMLINE| R=22 840/ 06875[842288| ~041208] 26940 24704 24486 24367 24287 24226

R-23 440[{00875{3¢8897|=040122/34506 34477 3,448 3,431 34409

STREAMLINE

34419
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TABLE XI

PRESSURE DROP RESULTS

Run P-1 Run P-2 ~ Run A-1 Run A-2
Empty Tube Empty Tube Tgreaged Rod Plain Rod
= 0.250 d = 0.12
Re/1000  100xf Re/1000  100Xf Re/1000  100Xf Re/1000 1oo><f5
34765 04697 20349 04778 24895 1711 34133 14007
34645 8.697 24099 04979 14919 24007 4,646 04919
54545 0662 3e495 04881 34829 24078 5,829 04876
5,639 04582 40831 04838 40997 24182 8.599 04904
60495 04673 50233 04790 74307 24137 106624 04922
94751 04675 5,446 04848 114731 24075 164748 04809
84106 04723 60918 04761 154152 14996 184498 04782
134194 04681 84953 04789 204624 14899 22,998 06740
174295 04648 124001 04708 254785 14855 284248 04708
214563 04615 160157 04659 320750 14792 33,872 04672
;g.gga g.ggg g;.962 04621 374724 14755 394872 04653
. . 0336 04569
404309 04540 324705 04568 piag -+ B
454330 04530 354899 04555
49,933 04513 384479 04545
414650 04538
Run A-4 Run A- -
Disks Disk55 Rgg_lsﬁs6 Run A-7
4= 0.750 5=12.0 |a=0.750  s=12.0 la=0.75  s=80 |d-= 0750 &%= 8.0
Re/1000  100xf  100Xfp(Re/1000 ~ 100Xf  10OXfp |Re/1000 ~ 1OOXf  100Xfp Re/lOOg 100xf ~ 100xfy
Ze835 124675 1864509| 24812 14e534 219240 | 04978 374469 2124909 | 24109 324057 1674910
30906 124562 1884753 34817 140244 2164113 20500 204872 2144724 | 30825 304906 1624756
44930 134003 1974036 44990 144893 2274959 34988 194819 2044923 54145 32,080 1694605
64605 124828 1954400 54660 144097 2154501 5,442 194315 2004375 64695 304993 1644049
Te764 174983 2806214 64465 144733 2264430 64189 194666 2044552 74890 284809 1524366
134270 124392 1904680 74001 144461 2224298 74187 194874 2074207 | 94073 30,807 1634410
184098 114752 1814109 94007 * 144597 2254441 84233 184594 193,605 | 114531 324731 1744150
234858 124065 1860929| 104871 134908 2144819 94548 204818 2184168 | 154629 324687 1744214
280941 114809 1830203| 14133 140199 2204382 | 104487 184453 192,624 | 194544 324411 1724914
350294 124000 186¢761| 164928 14¢143 2194980 | 116802 184769 1964318 | 244161 324000 1704855
410647 114821 184¢181| 204003 120274 1890899 | 124835 204123 211,235 | 304163 32,159 171.893
450882 124069 1884425 24383 134718 2134981 | 154653 204296 213,507 | 334395 324258 1724508
520658 114774 1834870| 256315 134540 211e164 | 174626 194321 2034110 | 344780 284696 1534144
284483 134337 2084124 | 194504 194184 201,798 | 364627 314819 1704183
334090 130457 2100420 | 214383 194123 201,292 [ 414706 314679 1654510
360750 140063 2204543 | 250140 194204 2024439 | 444015 324337 1734129
404867 144031 2204240 | 274957 204027 211,568 500940 31,988 1716323
430612 130769 2166091 | 344626 194505 2064201 | 534249 324439 1734806
440984 134721 2154368 | 384195 194618 2074570 | 564019 324623 1744839
450899 134646 2144183 434831 19,916 211,001
474272 134932 2184912 | 474118 194875 210,650
484644 134908 2184575 | 494936 204307 215,428
504016 144349 2254831 | 53,693 194000 201,287
514846 134935 2194137 | 55,196 194989 2124091
530219 134994 2204150 | 564511 194655 2084483
554049 134859 2184008
Rg;lsﬁsS Run A-9 Run A-10 Run A-11
d = 0.875 s = 12.0 Disks Disks 1.0 Disks
Re/1000 ~ 100xf 100xE, 14 = 0.875 s =8.0 |d=0.875 s = 4. d = 0,625 s = 12,0
. Re/1000  100Xf 100Xfy Re/1000  100Xf lOOX[‘DJ ‘Re/1000 100X loofo
20232 544159 2184908 |"T1L8T8 72,063 162,551 10369 1994451 2274350 | 34616 44677 1664453
50186 55.931 Sa9.433 34627 814954 1854799 20316 1644706 1874720 | 44768 54020 1854776
60405 seiles voguaia| se046 BO.643 183,007 | 34164 1524679 1744039 | 54656 4874 1814185
9:048 54663 155:513 6¢563 774839 1764723 30948 1614492 1844235 | 64643 44718 1754887
100380 2046083710655 | 60761 76132 172,820 54384 1514972 1734406 74874 44536 1694383
120268 52,106 176923 | ,J+244 774231 175,505 64331 1524421 1734969 94671 44599 1744282
los164 520893 179.806 10,153 744336 168,903 647881564280 1784418 | 144701 44394 1684594
200613 53,495 162,007 13,063 804140 1824340 74814 1444377 1640791 | 174126 44326 1664693
530282 51,010 173,525 | 16°06% 794900 1814874 | 90240 1504990 1726425 | 214259 44274 1656914
380176 520511 176,788 | 210320 784362 178,452 100578 1520266 1734921 | 264672 44228 1644844
501845 53.989 160475 | 24+521 784509 1784835 | 120271 1574316 1794752 | 284894 44151 1624313
360406 52,848 180,043 | 27+431 774503 1764563 | 144233 1594271 1824027 | 34e553 44106 1614419
370252 534589 182,527 | 214250 770602 1764832 | 15,748 1574738 1804288 | 384326 44006 1574468
A10345 461435 1559056 | 240705 184745 179,488 | 204384 1564746 1794198 | 424369 44089 1614828
480196 53,5893 183.vas | 270252 774500 1764651 | 254554 1614048 1844176 | 444255 44132 1644033
49:976 53.159 1814273 | 394343 784847 1794760 | 284764 1594254 1824136 | 47¢309 44271 170741
. 444435 784402 1784772 | 314081 1604076 1834092 | 500812 44266 1704895
464891 774175 1754970 | 340469 1604494 1834588 | 554843 44230 169¢745
374054 1594712 1824701
384926 1594254 1824182
374054 1594712 1824701
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TABLE XI (CONT'D)
- n A-1 Run A-14 Run A-15
R%rixsﬁle R]gisks ’ Streamline Shapeﬁr Str:ea.mline Shapes
a = 0.625 s =28.0 |d=0.625 s= 4.0 |a=0.625 s =12.00d = 0625 o fs ;Og;g
Re/1000 _ 100X 100xfp |Re/1000 ~ 100Xt 100xfp |Re/1000 ~ 100xf_100xfy |iRe/1000 ;.;22 looxr,
NI SR | i o e | N e | bim o mi
50116 64729 1764416 | 44666 104 . . ocg0s| 21308 Deanz ezl
50944 64428 1684446 | 5,738 104456 145,353 | 3,857 24331 60030L| 50205 3.648 82,837
64403 64332 1664085 60558 104126 1404837 | 44973 24343 11461 30880 34612 824700
74336 64212 1634416 70980 9,708 1354173 | 64471 24316 55.926 (50850 3,218 71,892
84256 64288 1664538 Be841 94876 1384069 74399 24239 63.116 120424 3.035 70.118
94763 64172 1644098 | 124372 104279 1454228 | 114044 24114 62-019 120424 3,035 104118
116771 64298 1694066 | 14,956 10,109 1434169 | 144026 24090 6 "375| 12e408 2,872 654379
96 64267 1684985 | 174367 104054 1424723 | 154020 24039 614308| 17 .
12:203 74629 2114322 | 194521 104263 1466193 | 154550 24047 614950 20.752 g.zgg 25.322
214312 640078 1654499 206382 104181 1454050 184599 16976 604085 2‘"[1.‘23 2.613 61:070
260082 64003 1644138 | 25,980 104230 1464353 | 214316 14947 594752 gg.sgg 2,613 61,070
264919 64088 1664862 | 304286 104501 1500805 | 234237 14911 584711 S LiBe Tas
304852 5,986 1644340 | 34,851 114270 1624788 | 254623 14876 574775] 324 86 24533 594500
354706 54929 1634199 | 414568 104209 1464992 | 294864 14874 584675| 3443 T 20529 594620
404309 64198 1714853 | 434205 104386 1494756 | 314919 14793 554395 38.720 20516 594491
434405 64648 1854820 | 464047 104710 1544802 | 344238 14783 554366 4 .3‘.5 20428 574173
474422 64121 1704113 | 484114 104711 1544896 | 364226 14759 544608 4145 432" 58,044
500686 64110 1704016 | 504525 104526 1524170 | 384877 14720 534241 Aa.sag g.:ga 370763
524937 104584 1534134 | 404865 14728 534891 22:353 2,408 57,078
Run A-18
Run A-16 Run A-17 Run A-19
Strgamline Shapez 0 Streamline Shape; o d =Sgr$grgline Sgaﬁeg 0 sgrsgjgline S};apei o
d = 0.625 s = H. d = 0,750 s = 12, . : 4 =0. = 4,
Re/1000 100X 100xfy |ge 1036 100 100xr, | R&/1000 100Xt 100xty | 8% 056> 100xe 100Xf)) |
+986 44073 45,360 | 34003 40441 544752| 24994 84054 75832 | 2,700 12,473 814805
5.943 44489 534024 | 44393 54210 696230 | 4e491  Te981 764394 | 44754 134100 666153
40713 44944 604721 | 44940 54370 724373 44824 104042 994,051 | 54456 13,194 66,866
66160 44932 614604 Te571 54187 714119 54823 Te833 754538 70869 114797 594742
84391 44640 584257 | 104622 54061 704243 | 84381 74186 694427 | 84902 124035 61185
104941 44493 564862 | 114300 56227 734154 | 114107 74287 714163 | 136330 114430 58327
130299 44457 564881 | 154029 44921 694020 | 144440 64743 65,776 | 174609 104869 554538
160677 44225 534960 | 174063 44665 65¢195| 164788 64662 65,179 | 204856 104475 534541
200310 34953 504313 | 194368 4e649 650276 | 194438 64449 634122 | 224995 104200 524126
216776 34964 500646 | 200996  4eT44 674034 | 224468 64160 604222 | 274349 9.850 50.359
234050 34909 494941 | 244861 44376 61442 | 250119 64024 584923 | 294636 10,104 51803
244644 34823 484785 274573 4e425 624487 284224 56821 564895 326440 9¢848 506476
270703 3,931 504685 | 31s302 44137 586071 | 304496 5,889 574752 | 354760 94753 50,029
300061° 34884 504144 | 344353 44350 61e753 | 344131 54862 574623 | 394228 1040046 51.460
324611 30786 484822 376404 44398 624718 384373 64033 59,4651 420179 94832 506573
344523 34647 464823 | 394777 44343 61e947 | 414099 5,956 584906 | 44e762 94788 50.373
380347 34641 464939 | 400794 44314 616525 | 464325 54590 55,080
Run A-20 Run A-21 Run A-22 Run A-23
Streanline Shapes Streamline Shapes Streamline Shapes Disks
d=0.875  5=12.0 14 70,875 s=8.0 |4 -0.875 s=4.0 | 4 6os s - 2.0
Re/1000 100xf 100xfp|ge /100Q ~ 100xf L0OXTp| Re/1000 ~ 100X 100XFN, | 571000~ 100xc 100%F
2¢356 284457 934959 T ea 37,567 042904 20729 684001 764775 30129 134473 944285 ]
2e457 274414 914079 5,178 38,803 86,962 | 3.857 694731 784890 | 44026 144405 1014969
50225 274029 894903 | 5 508 39.340 884263 40634 664875 75672 56291 154713 1124496
§e343 2Ge142 804130 | g (28 36,380 81.734| 5,135 674409 764317 | 64830 144695 1054240
90212 2kebl4 81359 | 1) 49 350440 79.657| 6.887 634987 720473 | 84866 174087 123,879
114801 234064 7648821 13,071 30,925 69.347 84803 644283 724877 | 114308 164514 1194900
130620 224343 744491 | 15,615 33,793 734709 106718 594871 674859 | 124326 154732 1144079
164559 224060 73635 | 17,731 34,436 774530 | 13.797 574436 654118 | 154515 164313 1184815
200533 224131 744001 | 31,827 32,185 72,439 | 17:836 357980 654105 | 174687 174889 1304970
240489 210272 T1e135 | 26,093 31,342 70.565 | 19,661 564493 644105 | 224504 174089 125¢177
21,880 200978 704187 30,283 31,131 704128 | 23.581 25,000 620424 | 244336 160729 1224529
304565 214005 704324 35555 29,873 670262 | 26113 544556 614931 | 260286 17496 1284447
320614 204558 688151 35,508 29,440 664293 | 27,481 540670 620070 | 294334 174540 1284900
300439 204084 6740831 37,168 29,647 664784 | 304560 53.770 6,054 316919 174103 1254665
370629 204377 684256 | 39,189 29,362 664145 | 33,297 53,865 61e177 | 334244 174963 132,247
394466 200195 674650 | 40,536 294313 664042 | 344870 514981 594021 354298 184383 1354501
4lehbh 194966 660883 44,203 284334 63,819 | 38.428 520231 594322 | 364557 184607 1374239
400823 514439 584422 | 394208 184265 1344706 \




-211-

TABLE XI (CONT'D)

Run A-24 Run A-25 Run A-26
Disks Disks Disks

4 = 0.875 s=2.0 ]a=0.750 s =2.014d=0.75 s = 8.0
Re/1000 100Xt lOOXfD Bg/}OOO 100Xf lOOXfD Bg/lOO 100Xf£ lOOxfD
2¢866 2324988 1334096 1360 604395 1604579 26375 14e917 1494676
34798 2254507 1284854 2¢813 414244 1094251 3¢684 174018 1744164
44515 2294885 1314396 34713 404778 108.227 4eT2T7 176474 1794917
56112 2284556 1304653 40383 424296 1124493 6¢400 16550 1706712
6¢307 2244014 128,077 44798 424254 1124447 70195 174022 1764155
84134 2204539 1264116 7¢602 404870 1084993 9¢380 164862 1754051
104548 2394141 1364825 104055 414037 1094612 110102 166629 1724887
124049 2364767 1354477 140033 424705 1144326 15340 166273 1694663
134158 2444368 1394849 180209 5164979 1394694 180121 166399 171342
144790 2506647 1434466 21325 504720 1364336 206703 164852 1764508
17400 2444516 1394963 216948 47,098 1264488 21630 164990 1784085
204010 2454860 1404747 244491 484357 1294960 23eT49 166658 1744625
244577 2484895 1424507 254860 4Be244 1294674 260266 164621 1744383
276187 2474591 1414767 284142 504688 1364360 28583 164958 1784183
316429 2484666 1424396 294511 524389 1414009 300239 166967 1784367
334357 534776 1444830 324887 164932 1784110
356639 534991 1454439 354536 164967 1784602
400529 506990 1374314 384847 174089 1804055
394906 164841 1776392

Run A-27 Run A-28

Plain Solid Rod Plain Solid Rod
d = 0.625 d = 0.750

Re/1000  100Xf Re/1000  100xf

14383 154119 34275 224734

34590 74302 40342 194496

44717 64102 4¢755 184399

6¢195 66413 5¢119 184459

84311 6eb47 94321 154100

104362 64205 114375 174226

144977 54908 134430 164543

164259 54780 166014 164549

18+182 54608 184665 164182

204746 54519 204852 154648

224412 54384 224641 154548

244720 5333 234966 154568

274668 54503 250292 154297

294271 5448 260948 154258

314194 54389 29¢997 144907

334437 54260 324846 144415

354040 50234 344238 144096

384565 5421 38¢877 134206




INTEGRATED RESULTS
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TABLE XII

FROM HEAT TRANSFER MEASUREMENTS

a q h h Ty Run Geometry d s _Re 9 hy h_/h T
Run Geometry  d s 1380 1055 o B0 <:) in 1666 1000 o /Mo (:) in
EMPTY TUBE 04000 =- 494854 94276 130240 14008 84416 5942 | R=15-A STREAMLINE 04625 12,0 45,253 834617 1351¢9 14226 94454 4543
EMPTY TUBE 04000 564618 1034713 151841 14038 84876 5947 | R=15=B STREAMLINE 04625 1240 344088 804290 108244 14224 9,504 4541
EMPTY TUBE 04000 514059 374575 136248 04998 84644 5849 | R=15-C STREAMLINE 04625 1240 224419 604199 77043 14226 9,464 4544
EMPTY TUBE 04000 104235 354520 381e5 06967 84803 6040 | R=15=D STREAMLINE 04625 1240 94844 384361 39046 14230 94313 4648
EMPTY TUBE 04000 494938 394494 135541 00980 84749 5649 | R=15-E STREAMLINE 04625 1240 54685 154731 24847 14238 9,163 4840
EMPTY TUBE 04000 23,886 394432 76003 00962 84863 5748 | R=16=A STREAMLINE 04625 840 464186 804803 134249 14297 9,238 4847
EMPTY TUBE 06000 370604 394337 108244 06975 84770 5748 | R=16=~B STREAMLINE 04625 840 334811 584650 104842 14290 94255 4746
EMPTY TUBE 0,000 74052 104912 28046 04914 84679 5942 | R=16=C STREAMLINE 04625 840 224363 514222 75046 14319 9,234 4845
EMPTY TUBE 0,000 24819 94517 13140 14245 84485 5949 | R=16=D STREAMLINE 04625 840 104565 304066 40643 14386 9,118 4946
EMPTY TUBE 04000 64763  Be396 26840 04888 84570 6048 | R=16~E STREAMLINE 04625 840 64304 134434 26340 14413 8,910 5147
EMPTY TUBE 04000 == 144857 304903 54743 04935 94332 4842 | R=17~A STREAMLINE 04625 440 454709 704169 133640 14440 94265 4747
EMPTY TUBE 04000 == 304951 504187 98442 04951 94324 4845 | R=17-B STREAMLINE 04625 440 33,758 574388 104645 14451 94251 4841
EMPTY TUBE 04000 =- 434707 494907 13051 04947 94378 4548 | R=17=C STREAMLINE 04625 440 214688 414707 72949 14490 9,196 4942
EMPTY TUBE 04000 == 434689 524765 130343 14060 94367 4540 | R=17~D STREAMLINE 04625 440 94758 244701 38147 14650 94126 5041
EMPTY TUBE 04000 214829 84334 72543 04964 94078 4448 [/ R~17-E STREAMLINE 04625 440 54869 114355 25346 leT44 94,093 4942
EMPTY TUBE 0,000 244085 414402 81840 04974 9,472 4540 | R=18~A STREAMLINE 04750 1240 434232 594314 127641 14516 9,251 4546
EMPTY TUBE 0000 274085 934400 91847 04964 94722 4541 | R-18-B STREAMLINE 04750 1240 324102 45,603 100143 14494 9,211 4642
EMPTY TUBE 04000 434983 84701 122747 00952 84772 504 | R=18~C STREAMLINE 04750 1240 214221 364093 71645 14524 94182 4647
EMPTY TUBE 04000 450532 474221 131645 14008 94153 4941 | R=~18-D STREAMLINE 04750 1240 94338 234259 36846 14557 94126 4746
EMPTY TUBE 04000 == 464075 954956 138644 14017 94560 4640 | R=18=E STREAMLINE 04750 1240 54725 124963 24547 14614 84991 4940
EMPTY TUBE 04000 == 10,179 424003 41340 04903 9,588 4544 | R~19~A STREAMLINE 04750 840 434892 534706 128447 14680 94200 4545
EMPTY TUBE 04000 84501 104685 34646 04887 94228 4643 | R-19-B STREAMLINE 04750 840 314087 504185 97641 14745 94215 4549
EMPTY TUBE 04000 == 54622 74593 24543 04848 94091 4942 | R=19~C STREAMLINE 04750 840 214470 454695 72148 14859 94171 4649
SOLID ROD 04250 040 404907 104502 118547 14152 84978 4546 | R=19-D STREAMLINE 04750 840 104424 264618 39746 24102 9,015 4840
SOLID ROD 04250 040 424370 424079 125749 14120 94264 4542 | R=19-E STREAMLINE 04750 840 64154 134198 25844 24021 84925 4941
SOLID ROD 06250 040 454245 944776 135348 le214 9,472 4449 | R-20-A STREAMLINE 04750 440 474222 684788 135347 14845 94147 4942
SOLID ROD 04250 040 274027 94364 85348 14113 9,007 4445 | R=20-B STREAMLINE 04750 440 324559 504606 100541 14899 9,145 4849
SOLID ROD 04250 040 324239 944536 103249 14162 94495 4549 | R=20~C STREAMLINE 04750 440 204862 454749 70649 24001 9,195 4846
SOLID ROD 04250 040 164477 94217 574e2 14074 94,000 4648 | R~20-D STREAMLINE 04750 440 104683 264098 4104 24105 94123 4942
SOLID ROD 04250 040 194966 664561 69648 14068 94411 4744 | R~20~E STREAMLINE 04750 440 54981 124576 25543 24156 9,023 5001
SOLID ROD 04250 040 84765 134330 35242 04911 94154 4842 | R=21-A STREAMLINE 04875 1240 434288 634426 126948 14837 9,197 4548
SOLID ROD 0e250 040 54270 74702 23245 04778 94080 4948 | R=21~B STREAMLINE 04875 1240 324777 484950 101243 14880 94160 4549
SOLID ROD 04125 040 494745 364026 1355¢4 04996 84778 5545 | R=21=C STREAMLINE 04875 1240 204209 314325 68le6 10948 94082 4647
SOLID ROD 04125 040 364556 294280 106847 04963 84856 5440 | R=21-D STREAMLINE 0875 1240 104223 234464 39048 24129 84995 4842
SOLID ROD 04125 040 236372 234848 74744 04967 84859 5445 | R=21~E STREAMLINE 04875 1240 54718 134436 24241 24166 8,874 4944
SOLID ROD 04125 040 94202 84956 34%%2 04832 84725 5648 | R-22-A STREAMLINE 04875 840 424932 564576 125243 24203 94129 4549
SOLID ROD 0125 040 64326 64753 258e1 04754 8,702 5842 | R=22-B STREAMLINE 04875 840 304639 494393 95246 24358 94099 4644
DISKS 04750 1240 504518 284866 133747 14598 84556 57¢4 | R=22=C STREAMLINE 04875 840 214574 454161 71442 24530 9,041 4743
DISKS 04750 1240 364797 274442 104549 14683 8,622 5640 | R=22=D STREAMLINE 0,875 840 114329 25.823 42046 24768 84918 4844
DISKS 0.750 1240 254889 274853 77240 14790 8,434 6143, | R=22=E. STREAMLINE 04875 840 54776 124925 241¢9 24792 84790 5041
DISKS 06750 1240 74007  TeT74 26746 20072 84319 6245 | R=23-A STREAMLINE 04875 440 464995 674522 131948 34453 8,954 5143
DISKS 04750 1240 124317 154853 41541 24058 84216 6642 | R=23-B STREAMLINE 04875 440 324127 474401 98743 34390 9,080 4842
DISKS 00750 1240 64910 114342 2603 24095 84188 6646 | R=23-C STREAMLINE 04875 440 214488 464467 71945 34454 9,141 4747
DISKS 06750 840 554763 354447 138246 24020 84172 67e5 | R-23-D STREAMLINE 04875 440 114019 284048 41940 34426 94093 4842
DISKS 04750 B840 424072 284819 110648 24008 84197 6648 | R-p3~E STREAMLINE 04875 440 54677 134612 24243 34538 84941 4949
DISKS 04750 840 264609 234501 76642 24186 8,187 6740 | R-34-A DISKS 04625 240 454003 694438 134348 24052 94438 4247
R=7=D DISKS 04750 840 114170 124067 37949 24428 84131 6745 R=24=B DISKS 06625 240 294534 474125 95243 24139 94368 4343
R-7-E DISKS 04750 840 74681 84668 28040 24461 84086 6847 | R=24-C DISKS 04625 240 174632 364518 629+l 24106 94359 444l
R-8-A DISKS 00750 440 544345 384632 137549 24326 84302 6345 | R=24=D DISKS 00625 240 104302 264808 40545 20159 94286 4545
R-8-B DISKS 04750 440 424285 314139 112343 24518 84285 6345 | R=24=E DISKS 04625 240 50725 134481 25041 24341 94157 4741
R=8=-C DISKS 04750 440 266744 244177 77649 20681 84268 6347 | R=25-A DISKS 04875 240 334612 664924 107341 44177 94526 4145
R=8-D DISKS 04750 440 104750 134061 37166 24984 84201 6445 | R-25-B DISKS 04875 240 264854 474103 88642 44215 94,410 4247
R-8=E DISKS 04750 440 74089 84877 26540 34045 84163 6449 | R=25-C DISKS 04875 240 184163 404272 641ek 44087 94324 4446
R=9=A DISKS 04875 1240 524216 354269 132140 24170 84230 6547 | R=25-D DISKS 04875 240 104107 25,924 39543 44199 9,193 4742
R=9-B DISKS 04875 12,0 404626 284177 107849 24253 84217 6640 | R=25-E DISKS 04875 240 64019 134221 25747 44301 94065 4849
R=9=C DISKS 06875 1240 274195 254230 78340 24311 84223 6640 | R=26=A DISKS 00750 240 434890 624657 129042 24520 94244 4545
R-9=D DISKS 04875 1240 124068 134536 40647 24545 84183 6642 | p-jg-g pISKS 04750 240 3243246 51,167 100240 24629 9,172 4648
R-9-E DISKS 04875 1240 74181 94000 26746 24547 84156 6643 | R=~26=~C DISKS 04750 240 184592 474713 64340 24846 94182 4748
R=-10-A DISKS 04875 B840 484655 354721 124940 24485 84234 6542 | R=26-D DISKS 04750 240 114048 274998 42040 24850 9,096 4846
R-10-B DISKS 06875 B840 374349 304612 100749 24630 84211 6546 | R=26=E DISKS 04750 240 64158 134397 25948 24970 84972 5041
R=10~C DISKS 04875 840 260487 254011 76662 24755 84217 6543 | R-27-A DISKS 04750 840 414630 554134 123445 24093 94223 44l
R=10=D DISKS 04875 840 104944 134391 37541 24994 84162 6548 | R=-27-B DISKS 04750 840 314151 604673 98745 24060 94312 4345
R=10-E DISKS 0e875 840 74087 9,084 264e3 3¢114 84143 6548 | R=27-C DISKS 04750 840 184330 434113 64543 24270 94307 4248
R-11-A DISKS 04875 440 424300 314636 113040 34404 84332 6245 | R=27-D DISKS 04750 840 104275 264823 40240 24337 9,218 4341
R-11-B DISKS 04875 440 304804 274522 87743 34505 84338 6243 | R=-27-E DISKS 04750 840 54408 134028 23649 24488 94078 4445
R=11-C DISKS 06875 440 214200 224149 65140 34686 84344 6169 | R=28-A SOLID ROD 04625 040 434995 804223 129142 14718 9,235 4446
R-11-D DISKS 00875 440 104707 134140 37548 34607 84323 65¢2 | R-28-B SOLID ROD 04625 040 324903 694404 102245 14664 94231 4448
R-11-E DISKS 00875 4¢0 74035 94100 267¢3 34781 8,282 6248 | R=28~C SOLID ROD 04625 040 184813 524291 65440 14539 9,246 4541
R-12-B DISKS 04625 840 404145 344037 109540 14677 84420 6241 | R=28=D SOLID ROD 04625 040 114100 374947 43240 14321 94333 444l
R-12-C DISKS 04625 840 234812 234890 71945 14814 8,403 6242 | R=28-E SOLID ROD 04625 040 54918 154391 26543 04825 94462 4449
R-12=D DISKS 04625 840 104678 134666 37445 14962 84310 6440 | R=29=A SOLID ROD 04750 040 444201 85,710 1271¢4 24470 9,061 4542
R=12-E DISKS 00625 840 74110 94272 269e4 14904 84278 6446 | R=29=B SOLID ROD 04750 040 344287 754702 103642 24379 9,052 4544
R=13-A DISKS 04625 1240 550363 364550 140145 14425 84332 6446 | R-29~C SOLID ROD 04750 0.0 214335 544031 70347 24248 84992 4644
R=~13-B DISKS 00625 1240 404521 304052 10958 14450 84362 6348 | R=29-D SOLID ROD 0e7.  veO 124098 394175 4bhet 14963 84958 4742
R=13-C DISKS 04625 1240 254811 234622 76504 14478 84380 63¢€ [ R=29~E SOLID ROD 04750 040 64415 224352 26942 1e287 94025 4848
R-13=D DISKS 00625 1240 114593 134021 40140 14577 84331 6441
R=13-E DISKS 00625 1240 Toeldd 84815 271sl 14603 84298 6445
R=14-A DISKS 00625 440 534538 404735 138749 14979 84476 5949 N 0.14 1
R~i4-8 DISKS 00625 440 374688 324553 104545 24130 84456 5949 (®  Integrated mean value of (w/h) 2rY/? (1)
R~14=C DISKS 00625 440 244775 264210 747e1 24131 84453 60e1 q is in units of (BTU/hr-£t?)
R-14=D DISKS 00625 440 94242 134465 33741 24491 84397 6046
R=14=E DISKS 04625 440 64826 104136 26340 24433 84350 61s2 Tjp 15 the inlet water temperature in deg F
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APPENDIX D

CALCULATIONS REQUIRED FOR EXAMPLE HEAT EXCHANGER DESIGN

The specified data were

W = 250,000 1b_/hr

Q = 10,000,000 BTU/hr
ATm = 100 deg. T

h' = 3000 BIU/hr - deg. F - Tt

Cp = 2.28 x 1072 dollars/ft°2 - hr
Cp = 4.88 x 107 dollars/BTU

¢ = 1 BIU/1h, - deg. F

o = 62.4 1p /7t

k = 0.35%5 BTU/hr - deg. F - ft
w=2.42 10 /ft - hr

Unless otherwise specified, all calculations will be made for a
tube diameter of one inch. Values of calculated quantities corresponding

to other diameters may be obtained by ratios.

pp = CH o 1 X 2.h2 5.8 (82
r .~ T0.355 555 )
prl/3 = 1.8995 (D-1)

Factors Needed to Calculate Fixed Cost

D = 1 (D-2)
k AT, 12 x 0.353 x 100
) -3 2 -1
= 2.3607 x 1077 (BTU/hr £t°)
0.6 0.6
[ D <J = 2,6535 x 1072 (BTU/hr - F2) (D-3)
K AT
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B, = (n' D/k)™L (113)
_ 0.35% x 12 (D-4)
3000 x 1
= 1.4120 x 1077
oM™ = (10,000,000)0*
= 630,96 (BTU/hr)""
Cpn (D/k AT )™ [1 + B, Nu]™
Fixed Cost = — T = 2 (D-6)
Q =M Num
Fixed Cost = (2.28 x 10_5)(2,6555’x 10‘2)(1 g %.hlEO X 10"5Nu)o'6 (D-7)
(6%0.96) Nu "
-1 -3 0.6
For D= 1 Fixed Cost = 0.98855 x 10 ' (1 + 16u220 x 1077 Nu) (D-8)
. 1l
= -3 0.6
For D = 0.5 Fixed Cost = 2:05296 x 10 (1 + §°2240 x 10 M) (D-9)
Mu
0.41731 x 107/ (1 + 5.6480 x 1077 Nu)o'6
For D = 0.25 Fixed Cost = — 006 (D-10)
Nu™°

The preceeding three equations were used to plot the fixed cost
curves in Figure 48. The second equation was also used to plot the fixed
cost in Figure 49,

The limiting fixed cost for B.Nu > > 1 was calculated as follows

2
Cp
Limiting Fixed Cost = T - )
Qo (n Amm) (D-11)
-3
(2.28 x 1077) (D-12)

(630.96) (3000 x 100)0'6
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= 1.86% x 1077 (dollars/BTU)

Factors Needed to Calculate Pumping Cost for Empty Tube Geometry

=1
£=C ke 1 (81)

Nu = C, Re'@ prl/3 (80)

Cl = 0.079; C2 = 0.027; n, = 0.250; n, = 0.80

M 3.0.25

P=Tm " om0 T 3.4375 (111)
Cy 0.079 4
B, = 5 = . I = 0.9745%3 x 10 (112)
2 (02) 5 (0.027)3- 375
2
35 = : “2 > (114)
J. 8, 0 D7 e AEm
2
_ (2.42/5200) n (D-13)
(777.5)(32.2)(62.4)% (1/12) (1)(100)
= 6.675 x 10™%?
pr(P/3-1) = (6.8555)0+ 14983 = 1 zpuy (D-14)
c. B NPl (1+B, N B
Pumping Cost = E 1 £ 2 (D-15)

pp(D/3:1)
Pumping Cost = (4.88 x 1071)(0.97455 x 10%) m2-¥375

x (L+1.4120 x 1072 W) x 6.675 x 10712 (p_1¢)
1.%241

For D = 1.0 Pumping Cost = 2.3275 x 10"XTmu2-*375(1 + 1.4120 x 1073 ) (D-17)
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For D

]
]

0.5 Pumping Cost = 9.5900 x 10°L7 m2*3T5 (1 + 2.8240 x 1072 W) (D-18)

For D 38,360 x 10~LTm2- 4375 (1 + 5.6480 x 107> W) (D-19)

0.25 Pumping Cost

The preceding equations were used to plot the pumping cost curves
in Figure 48; the second equation was used to plot the pumping cost for the
empty tube in Figure 49.

Factors Needed to Calculate Design Parameters from Optimum

Nusselt Numbers

b (c, Prl/5)l/n2

N = (120)
tube L %D Nul/n2
_ (4)(250,000) (0.027 x 1.8995)1"25 (D-20)
(2.42)(3.14159) (D/12) w2
“ 5 .
_ 0.38522 x 10 (D-21)
D Nul'25
>
- _ 0.38522 x 107 _
ForD=1 N = = 13 (D-22)
tube (1)(600)1'25
0.38522 x 107
For D = 0.5 Nype = (D-23)
T (0.5) (330)1+25
For D = 0.25 Ny 4. = 0.38522 XllgS Soh (D-24)
(0.25) (175)12
L__QuDd  [1+W/(D/K)]  (W/m7h) (102)
bWk AT (c, Prl/3)l/n2
L oNle) (/1) - [ + Nu/(0.353/3000 D)] |, 0.25 (D-25)

(4)(250,000)(0.353) (100) (0,027 x 1.8995)12°

= 2.3%08 D (1 + 1.4120 x 1072 Wu) M (D-26)
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For D=1 L =2,3408x1x (1 + 1.4120 x 1072 x 600) x (600)0'25 (D-27)
= 21.h ft.

For D = 0.5 L = 9.6 ft. (D-28)

For D = 0.250 L = 4.2 rt, (p-29)

Factors Needed to Evaluate Turbulence Promoting Geometries

A1l factors are for D = 0.50 inch
Pumping Cost

Geometry I Disks d = 0.625 s = 4

C, = 0.0672k; C, = 0.1713k4; n, = -0.0425; n, = 0.6941
=5+O'O)+25=ll-.8ll- D-30
N 383 (D-30)
. 0.06724 _ o
B, = e = 0.76717 x 10 (D-31)
2(0.17134)
pr(0/3-1) = (6.8555)°-40113 _ 5 uogs (D-32)

Geometry II Disks d = 0.875 s =8

C, = 0.7295k4; 02 = 0.22708; n, = -0.0066; n, = 0.6888
LY =
B, = 0'7292” — - 2.362 x 10° (D-3h)
2 (0.22708)*+ 3020
pr(p/3-1) = (6.8555)0+4550 = 24699 (D-35)

For Geometry I
Pumping Cost = 4.114k4 x 10719 NuBf?SB%:(l +2.8240 x 1070 Mu) (D-36)

This equation was used to plot the pumping cost curve in Figure 49.
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_ 5.175 x 10

Niube (D-37)
Nul.th?
_ 5.175 x 107 _ 142.6 (D-38)
(500>l.4407
L= 0.17h2k (1 + 2.8240 x 10-3 M) muO- 0T (D-39)
= 0.17h2k (1 + 2.8240 x 1070 x 5oo)<5oo)o'uu07 (D-40)

3,958 ft.

For Geometry II
Pumping Cost = 12.461 x 1079 M2 32%0(1 + 2.8040 x 1073 W)  (D-b1)

This equation was used to plot the pumping cost curve in Figure 49.

_ 4.7025 x 107
Viuve = ol #518 (D-42)

_ k.7025 x 10° _ _
E;Z;;fjﬁiﬂy- 158.8 (D-43)

0.19172 (1 + 2.8240 x 1072 Mu) Nuo'h518 (D-L4)

=
"

0.19172 (1 + 2.8240 x 1072 x 245) (245)0'”518 (D-45)

3.859 ft.

1
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