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ABSTRACT

The work described herein is an attempt to adapt hydro-
dynamic and thermal boundary layer theory for annular flow as
applied to rough surfaces. The theory was tested expefimen—
tally on four tubes over a limited Reynolds number range.

Convective heat transfer coefficients have been
generally obtained by heat balances and correlated by dimen-
sionless parameters obtained by dimensional analysis and
modified semi~-empirically., Few researchers have used the
available boundary layer theories to calculate the heat trans-
fer coefficients., However, the literature indicates there is
a relationship between the surface roughness and the boundary
layer thicknesses. The boundary layer profiles therefore were
used to determine the heat transfer coefficients because this
procedure gives a better insight into the effects of surface
roughness. The availability of equipment and preliminary
attempts to produce a rough surface led to the use of an annu-
lar type of test configuration, i

In preparation for the developmenf of the theory a
derivation of Reynolds' analogy is shown followed by resumés of
some of the published data which are appropriate to this work,
The theory for hydrodynamic and thermal boundary layer is then
developed for annular flow from flat plate theory,

A description of the apparatus and the experimental
procedure are included and,in concluding, the experimental

results are compared to the theory of others,
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GLOSSARY OF TERMS

ALPHABETICAL SYMBOLS

A = surface area of the test section — f‘t2°
C 2 specific heat — Btu/1bC°F,
De = equivalent diameter:Dz—Dl-ft,
E =  total energy Btu or ft-1lbs,
EH = eddy diffusivity of heat — ft</sec.
- EM = eddy diffusivity of momentum — ftz/sec°

e = arithmetic mean surface roughness —micro—ins,/inch,

2bpp De D1

f = Fanning frictibﬁ factor = §
2 ¢ 1 D

g = local acceleration of gravity,32.2 ft/sec.2

G = weight flow - lbs/hr.ft.2 or lbs/sec.ft;2

h = convective heat transfer coefficient Btu/hr.ft.zPF
: - P‘; j (EE'&)-Z/?’O

1 . uw O

j = 3 o 0.4

k = thermal conductivity —Btu/hr.ft.°F

K . = (NST/F/2)/(NST,/F_/2),

L = length from leading edge of test specimen—ft,
o) = pressur_e—-lbs/ft.2

q = total heat flow—Btu/hr,

r = radius-—ft,

Heat transfer — Btus/hr,

W
i



GREEK LETTERS

t
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temp., °F
velocity ft/sec,
volume ft,3
work Btu/1lb,

r —ry —'ft,

diameter rat‘io:Dl/D2

hydrodynamic boundary layer thickness — ft,

thermal boundary layer thickness — ft,

§

kinetic energy thickness= f rdr

o ug-C A) )pz&r

Au ttA pr *

Atz = enthalpy thickness = J — = dr
o Uﬁ ty- tﬁ pﬁ Tw
‘x = rm/r20
e = time | ,
" = dynamic viscosity — 1bs/hr, ft or lbs/sec,f.t°
i = flux density—-Btu/hr.ft,2
p = density -lbs/cu,ft..
N = shear stress = ugs - 1bs/ft?
DIMENSIONLESS NUMBERS
NRE = Reynolds Humber = (Pf‘lfl)b

ote
"

For flow in an annulus,

©
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Nusselt Number = b I
) h
tanton Number = ————n
Stanton N (pr/)]D
C
Prandtl Number = (———gﬁéﬁ—)b

at inner wall of annulus

at outer wall of annulus

value calculated from formulse

point of max, velocity

mean

at bulk conditions

temperature of flow 1f no heat addition
at constant pressure

at constant volume

at inner wall of annulus

at outer extremity of the boundary layer,
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CHAPTER 1

INTRODUCTION

The work described herein is an attempt to develop
hydrodynamic and thermal boundary layer theory for annular
flow as applied to rough surfaces. It was tested experiment-
ally on four tubes over a limited Reynolds number range.

Convective heat transfer coefficients have been generally
obtained by heat balances and correlated by dimensionless
parameters arrived at by dimensional analysis and modified
semi-empirically. Few researchers have used the available
boundary layer theories to calculate the heat transfer coeff-
icients . However, the literature indicates there is a relation-
ship between the surface roughness and the boundary layer
thickness. The boundary layer profiles therefore were used to
determine the heat transfer coefficients because the procedure
should give a better understanding of the effects of surface
roughness.

Until recently most of the studies of the effect of surface
roughness on convective heat transfer have been restricted to
the inside of pipes, rectangular ducts and flat plates. Some
of the workers in this field have been Durant and Mirshak
(7)*, Lancet (12), Levy and Sebane (13), Nunner (18) and
Smith and Epstein (17), Their work varied from the very

- ® Numbers in italies refer to references in Bibliography.



theoretical to the quite oractical and many advances have

been made towards a complete knowledge of the effects of sur-~
face roughness in particular flow configurations. The
availability of the equipment and oreliminary attempts to pro-
duce a rough surface led to the use of an annular type of

test configuration.

In preparation for the development of the theory a
derivation of Reynolds'analogy is shown, followed by resumes
of some of the printed literature which is apprOpriafe to
this work. This includes work by such authors as McAdam (14),
Kemeny and Cyphers (10), Barrow (1), Patterson and Durands
(16), Knudsen (11) and Brunello (3). The theory for hydrodyn-
amics and thermal houndary layers was then developed for
annular flow from the flat vlate theory advanced by Brunello

A description of the apparatus and the experimental
procedure are included and, in concluding, the experimental

results are compared to the theory of others.



CHAPTER 2

BASIC PRINCIPLES AND PUELISHED DATA

The convective heat transfer coefficient 1s a parameter
used to determine the amount of heat flow from a surface to &
fluild and is analogous to replacing the thermal conductivity
(k) in the eguation

at
Q@ = =kAgx
3ince the amount of heat transferred to or from a fluid is
determined by the hydrodynamic boundary layer the convective
heat transfer coefficient is dependent on this boundary layer,
The roughening of a heat transfer surface huas a three—
fold result, The roughness increases the surface area of the
element, creates turbulence winich transfers heat 1nto the high
veloclty main stream, and increases the friction factor,
fthen the entire wetted perimeter 1s roughened the fric—
tion factor has been found to increase faster than the convec—
tive heat transfer coeliiclents so the advantages of surface
roughness are elther reduced or vitiated, depending on local
power costs,
The following is an analysis of Reynolds'! analogy and
a discussion of the published material containing methods
reilated to this analogy. This is done by first determining
a semi—empirical equation which predicts the friction factor
and then by Reynolds' analogy a formula for the heat transfer

coefficient is obtained,




2-1 BASIC PRINCIPLES

In turbulent flow three forms of heat transfer are

present. In the neighbourhood of the heat transfer surface

“““ the fluid is essentially at rest and conduction is the only
method by which heat is transferred. As the distance from
the surface is increased the amount of heat transported by the
high velocity core increases until convection becomes the
dominant mode. In turbulent flow the third mode is caused by
a continuous mixing of the fluid particles due to the velocity
fluctuations., While the mechanism of this mass transfer is
fairly well understood, mathematical analyses are impractical
for engineering purposes,

Since the velocities near the surface are nearly at rest
heat can be considered to move perpendicular to the surface in
the case of a flat plate, or radially, in the case of a cir-
cular section. Prandtl considered the layer adjacent to the
wall to be laminar and that no heat was transferred by turbulent
mixing in this layer, Outside this layer Prandtl considers
conduction and shear small enough to be neglected., With
conduction and shear neglected the heat in the turbulent
core is transferred by macroscopic mass movement, eddy
diffusion., The entire process is covered by the term convec-
tion. The case analysed below and of concern in this thesis

is forced convection which is the term used to describe the



nrocess when there is an affected flow of the fluid over the
surface,
The eddy diffusion of momentum (EM) is described by

the equation:

7 = (n i/JEM) du Cesresaisiittiotitiieseieenienoes 2.1

dy

In the laminar sublayer EM reduces to zero leaving the formula

for viscous shear

NS
by = au
&

The eddy diffusion of heat (EH) is described by a similar

equation
. =(k+t0C _EH) 4t |
zgx- - ﬁ p a-y- 0 & @ 9 0 0 0 0 00O O OO0 0 OO OEQC QOO OO0 OO 6O @O0 2.2

In the laminar sublayer the eddy diffusivity becomes

zero leaving the formula for pure conduction

4= -k dt
A dy

2.2 REYNOLDS'ANALOGY

If the flow in an annulus is well enough developed

to neglect the effects of the outside wall on the inner boundary



layer and the radial pressure gradient is neglected the
relation7”/7; = r/rw'exists for local shear stress, Assum-
ing that a similar condition exists for heat flux:

q/A - T
(q/7A) r,

Equation 2.1 and 2.2 can now be written:

dt

Qw (1 y) -k - 5.3
. + =-“~‘+_ —_ © ¢ 6300900006 QC 000 QC6 0 QO8O [}
-»»L(]_+L)=(E.+EM).§E . . © 9006000600066 0600 000000 23“

p Ty P dy '

The term ( k/pC, + Ey ) is consideredas a turbulent
‘Prandtl number and the term (% + Ey) as a turbulent kinematic
viscosity. If the terms are eq&al, equation 2.5 results from
dividing 2.3 by 2,4, This implies Ey has the same effect

on the heat transfer as EM‘has on the shear force, also

Lk H means .z 1 or NPR = 1 which restricts its
applications to fluids with NPR's from 0.7 to 2,0,
4 _
-——qY—-—ll———-="dt B 2 6 0 0 8 0 0 60 0O 06900008 O & O 205
ACp . Tw

Integrating u from 0 to US and t from t, to’tb and

substituting in the definitions,

h = q/A,(t -t ) and T = pr2/2  |
Reynolds' analogy is obtained,

e 90060 0Q@e 000000060 OQCCQCD0 9 O O 296

NST = —B =

Nh



This formula was first developed in 1874 by Osborre
Reynolds; from equation 2,5 it can also be written in terms

of the heat flux as follows:

= %q= :r QE
¢ A tc.I’du

A,

The derivation of Reynolds' analogy implies a Prandtl

2 0600 0 0 ¢ 0 0000 O 0000 %00 OGO Q0O QOO 207

number (NPR = E%b) of unity and equal thermal and momentum
diffusivities, However, the analogy is assumed to apply for
Prandtl numbers ranging from 0.70 to 2.0 or higher and serves
as a first approximation for most convective heat transfer
analysis. More advanced theoretical analyses yield a

coﬁplex function of the NPR when relating the NST to the f£f/2

which in practice is often replaced by NPR2/3° That is:

NST NPR2/3 = % = Colburn Equation (lu) © 0600060600 0Q0G060G0O0 298

With Reynolds' analogy assumed to apply for air
(NPR = 0,7) semi-empirical equations that have been obtained
by other authors can be used as a comparison in this work.
If the viscosity changes appreciably with temperature an
additional correction factor is necessary but for the work
described herein it has been neglected.

Although heat transfer and friction effects in an

annulus have not been studied extensively some authors have




advanced formulas corrected to annular flow from flat plate or

duct experiments.

2=3 RECENT THEORIZS ON ANNULAR HEAT TRANSFER

Knudsen J.G. (11)

The author analysed the velocity profile unique to
annular flow and the derivation is shown below,

Taking a force balance on an element of steady fully
developed‘turbulent flow the shear stresses can be_related as
follows:

: T (r2~r2) 12-»0(.2
;.L:-—g— __21.__..__..._].-.3 29
2 T (rg -ari) o 1= 23)

] Wheres
w I | 22 = 2.2
_ -)--w m=T2T1 ..., 2.10
N A ==,
< T, - g 1DF:!:
r "2
™M or 2
| 2 _ 1=
CENTRE | INE A= R

Dealing exclusively with the inside wall the friction

factor can be defined as:
' 2
| Tf%/o ¢

1 2g

@G.QOOOOQ‘OQOOGQO@@@QQ@QO 2011

oooooooeoaa?onaqouoo‘JG 2912
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W,H, McAdams (1%).

In the calculation of the average heat transfer coeffic-
ient for an annulus McAdams suggests that the following formula
be used:

j = NST weR’ 2 0,023 HRE™0°2 . i iieeeeneorenonones 2.18

The above formula is recommended for convective coeffic-
ients on the inside of tubes.

To adapt the following equation Weigand multiplied the
right hand side by a ratio of Dy 0.45

Dl : .
Similar factors consisting of diameter ratios have been
developed by other authors and are listed in the references.
The development of such a ratio is shown under Knudsen's

work.

Kemeny, C.A. and Cyphere, J.A., (10)

These authors did some extensive work on the pressure
drop in an annular configuration caused by surface spoilers
and derived an equation based on theory previously advanced

in Carslaw and Jaeger, and from formulas developed by Nunner,

= me® | m E) 593-0.208 ,1n 10H %3
( §z) ° * " =) ‘:].,,,,,, 2.19

This work is one of the few published on heat transfer
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and friction in an annulus using surface spoilers but‘has
not as yet been verified by other investigators, A formula
for use in calculating the heat transfer coefficient on the
inside pipe was not advanced. They compéred the ratios of
2j/f versus NRE as a criterion upon which the various tubes
could be evaluated. They also use a ratio of j/fpu but the
advantages of using such a ratio are not apparent because the
scope of the work is limited.

The authors advance a formula for calculating the
friction factor and;,if Reynolds' analogy is assumed to hold
an equation for the Nusselt (NNU) or NST is obtainedo This

equation is as follows:

: 8/5
H
(NPR)Z/3 NST = %ﬁRBO°05 (%—) [0.,593-0,208 (1ln l%—) } oes 2,20

e

or changed to NNU by the relationship

Barrow, H, (1)

Starting with the concept of momentum and thermal
diffusivity and considering a region where turbulent mixing
predominates he applies Reynolds' analogy again implying the

two diffusivities are equal., In order to account for the type
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of velocity profile inherent in annular flow, he obtains

an equation for a fictitious radius (rp) slightly larger than
the inside pipe so that the shear stress at this fictitious
radius (7wa) equals the shear stress at the outside wall
(7/w2)° This brings his results into agreement with the 1lit-
erature cited, ‘

The final formula advanced by Barrow is:

NNU = 0.0346 NRE3/LP FlFB/F2 ceocccecesecscosscessess 2o21

Where
T2
X = =&
T1
P :?ﬂzoc o¢2-1-2 1n o j
o T, 208 1noc - o+l
F, =1+ qm/qw q,= heat flow at max.vel,
-1/k4
F3 - [NRE
NREb
2
T, = _m
f Ty

The equivalent diameter is described as:

1’2 1’2
dey = 2 ( 2=m )
ro

NRE2 = 2(r22-rm2) @ﬁa/ rgp




13

This theory is applied with a friction factor derived
from the shear forces on the wall. The velocity distributions
for this work are taken as a modified 1/7 power law which
described the velocity profiles from both the outside and in-
side walls relative to the maximum velocity, The friction

factor used is £ = 0,079 NRE-'O°25

, which when combined with
Reynolds' analogy yields equation 2.21.

0f the formulas presented in this chapter those of
Knudsen, Barrow, McAdams and Weigand were chosen to be used
as a comparison with this work. Barrows and McAdams approx-
imate one another over a much larger Reynolds number range than
those encountered in this work which was .8 X 105 to
14 x 105° The XKnudsen and Weigand formulas are close but
not such a close approximation to one another as Barrow and
McAdams. The Knudsen and Weigand formulas are also much

higher than the other two when the Nusselt number versus

Reynolds number is graphed.



CHAPTER 3

HYDRODYNAMIC AND THERMAL BOUNDARY LAYER THEORY

With the exception of section 2.7 the last chapter is
devoted to showing the equations and methods put forward by
various authors to enable the overall heat transfer coefficient
to be calculated. All this work depended on the accurate
metering of power input with no other way of determining their

results,.

Attempts have been made to analyse the flow in annuli.
One of these attempts is given in reference 2, This work
develops from Navier - Stokes equation in eylindrical co-
ordinates. The final result is an equation for the flow (G)
as a function of the inside and outside radii, pressure drop
and dynamic viscosity. However, one of the few methods which
include both a thermal and hydrodynamic analysis is the method
initiated by Brunello,

Although Brunello's work does not apply to annular flow
it is described here since the method by which the heat trans-
fer coefficients have been calculated is basic and it was from
this flat plate theory that the following theory was developed.

By assuming purely axial flow the author has developed

the theory by a force balance on an elemental volume next to
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the heated surface. This theory includes the definitions
for various hydrodynamic and thermal boundary layer thick-
nesses, included is the enthalpy thickness which is the
thermal equivalent to kinetic energy thickness in hydro-
dynamic boundary layer theory.

The work itself requires temperature and velocity
profiles to be taken at various points downstream from the
leading edge of the flat plate. The other boundary layer
thicknesses are found by ratios and graphical integration.
This yields parameters which can be substituted into the
equation for the heat transfer coefficient or the Stanton number,

The plate used was the bottom of a rectangular duct
and roughened by a powder metallurgical process which left a
pebbled but porous surface which had to be sealed against air
flow from below, The temperature and velocity profiles were
not taken simultaneously, with the velocity profiles being
taken when no heat was being applied to the surface, The
temperature profiles were taken by a probe consisting of one
calibrated thermocouple,

In the development of the theory the author obtained
equations for both the local and the mean overall heat
transfer coefficient. For some reason the local values were
not calculated, which was unfortunate and could easily have

been reported since ail the parameters had been calculated,
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Instead, growth of the boundary layers is shown by the‘
"change in the mean or overall heat transfer coefficient as
the points at which the profiles were taken increased from
the leading édge.

3.1 THE RELATION BETWLEN THE TOTAL APPLIED
ENERGY AND THE BOUNDARY LAYER

A cylindrical isothermal surface of temperature t, around
which was flowing a perfect gas was considered. It was assumed
in the temperature rahge considered, that the specific heats
were éonstanf, Also, it was assumed that there was no swirl
and that static pressure did not vary normally.to the surface,

In fhe diagrams AB énd CD are finite lengths equal to the
hydrodynamic boundary'layer thickness at point A and (¢ respectively,
These pbints are separated in the axial direction by a unit
length dx. The control volume (dV) was formed by the two sides
A, B, Cy D, and A', B', C', D',
| ' The mean height of thé hydro-
dynamic boundary layer along the
length dx was considered equal to
Z and uA.the gas velocity at this
height.

Under non-steady state conditions the

variation (dE) of the total energy
(E), which is the sum of the

internal and kinetic energy of dV

at time 6, was equal to the change
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-\\\\Tttéi;\\PD| of work dW and heat dQ in the

control volume in a unit time dé6.

dx—'—h—

AA' cc'
The change in total energy with respect to time was
written:
€ - oaws+dq |
The energy transported by the fluid in the boundary layer,
which in a unit time, crossed the surface normal to the flow
at a distance r from the centre and having dimensions equal to

the dimensions of elementary height dr was

u2+Cvt> urdrd(.P 6600000006 OCGO0OCGC OO0 GO 31
(5= P oo .

Taking into account the energy which enters the volume

dV by the surfaces AB and BD, and leaves the surface CD in a

unit time:

r 2
= d ¢ u
dE = dx [dx 'er [(2 + gvt)purdp] dr

r
- (;g +CvtA)_g-_xj purdrd_‘iPJ 5600900060060 0 3.2

Tw

+A

to 0 and A since the integral approaches zero as the limit

The integral limits can be changed from r, and r,
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approaches r e The upper limit is left at A since the
thermal boundary layer thickness was less than'or; at most,
equal to the hydrodynamic thickness since heating did not
start at the leading edge and the Prandtl number waé nearly
equal to 1.

There was no relative displacement of the fluid in
contact with the surface so that there was no work doné'by
the forces of friction applied on the surface AC. Similarly,
the velocity gradient was very small on the surface BD, and
so there was no work done by friction forces on this
surface, Finally, the only applied forces which are doing
any work are the pressure forces on the surfaces AB, CD, and
BD. If "p" was the pressure at a point a distance 'r-ry'
from the surface and pj the pressure at distance &, the sum
of-the work done by the applied forces on the volume in a

unit time was written,

3.3

dW-dX[ J’I Purdrdcp-—-f purdrdcp] c0e e 000 a0o00 000

PA d
The only quantity of heat dQ which entered the volume
dV was that which .crossed the bottom through surface element

AC, If % designates the flux density at the surface:
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dQ = dx rwd<p<ﬁp
Since a verfect gas was assumed.
.+E:
Cvt e Cpt
Taking an energy balance of the initial relations and

using the expansion of a differential product the following

was obtained:

s
2
1 (4 u- .
$ -3 (dx JP ( 5=+ Cpt))/ourdr

w w
[o]

A
- %}; ( uf + CptA)f/'ourdr
(]

£

A1

+ +- ! soevo0ceo00e000e ®

(ug. g}c% Cp g}‘z,s)f/olrdr] 3okt
(6]

The equation for the conservation of energy was written

for the flow at the upper limit of the boundary layer.

2

s~ + Cptgy = CONSI.

u dug dbe o

X dx + Cp dx O o 0 0 © 0 0 & 6 0 06 0 0 O OO0 OO OO0 ¢ OGO 305

From the above equation the last term of equation 3-% equals
Z2er0,
For annular flow the upper limit of the integration was

left as A but equation 3=4 was further simplified to give
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~&
3 - 1 [epa |
'QW'" P [ &= J (t-ty )/KJurdr
(8]
A
[, 2 2
- g;}_(_ J (11’3_5—1;-‘;) //‘\jurdr] ©00606000000¢0 306
o)
A
Let A. = | & (1‘9-2—)(11-)(/2)dr 3.7
3 uyg u? Tw 7

(&}

This was considered the kinetic energy thickness for an

annulus.
A

u ot - t« r Q
Let Atg = | u (tw Cg) (ry (78 ar eeeeeeniia. 3.8

0

This was considered the enthalpy thickness for an annulus.

Equation 3.6 could then be rewritten

§W = [Cp %}; C tw=ts Jpg ughty- :ZL' %:E (/C%u3é3ﬂ seeee 369

Finally, in the case of the annular area for tg and g

equal to a constant,

§w = Cp, /% Etw"t-’ﬁ ) %X_ (ug Atg)

14 (wRh)
"% @ o 3

® 00 ¢ 5000 00 09 ¢ L0 L0 COO 3010
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2,2 CALCULATION OF THE CONVECTIVE HEAT
TRANSFER COEFFICIENTS

When a2 body is immersed in a flowing fluid, the fluid
is heated due to the dissipation of energy in the boundary
layer and assumes a temoverature tf gfeater than the free
stream temperature to‘ However, in this case the temperature
of the body was relatively high and the velocities relatively
low so that this friction heating was neglected.

The convective heat transfer coefficient can be described

as

[

— =D
twﬂtA 0 ¢ 86 0 0 0 O 9 0 0 6 0 Q0 0 0 © 0 00O 0 VOO0 OO e v 9O e 3'11

h =

Then by equating 3.10 and 3.11 the following was obtained,

hchﬁ[ﬂ— d‘—— (uAAtZ) ° ¢ 006500060000 ) 312
tw-té dx
3
. 1 a  (uy 838

2C,(ty=t) dx

or
h=c L (A ty) > 2 (ui’éﬂ 3.13
= Op/QgE (S %) - 3T ) & veee 30

Giving the results in terms of the Stanton Number:
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h 1 ~d uh
ST = —— = — [ — t
NS Coriok o [ % ("% Bry)
__L_______. d_ 3 © % 060080 00G
Ty et o R 59 B

Then %§‘(u£5t2) and %; (ugqéé)were evaluated by
determining Ktz and A3 from the temperature and velocity
profiles taken at points along the length of the test
section and determining their slope from a graph.

A uniform temperature distributioﬁ along the test
section of the pipe from L, to L, was assumed,

L
Q= J‘Lz Sydx = Copf Uk [(turtfdbey - lzf—liﬂ i vesescesses 3415
Ly % L
The mean flux density along the length L2-Ll was

obtained as shown:

Q= cypguf [(t,th) Beprp-depLe)

b =
Wit
L,-L; Ly-L1,
- %% &3L2 - &3L1 ] 3.16
2C L —L 6 9 © @ ¢ o Q@ ¢ 9 08 ¢ 0 .l
P 2 1

Here Q = heat transfer per unit width,

The mean convective heat transfer coefficient was defined

as.:




S wm
h o= —¥m_
m oty - th

and the mean Stanton number by:

7

NST = —m
m o Cppf Up
Hence:
. _ Fd L
h e Cophul At‘sz Bealy
m PP Ly - 13
2Cp(tw-té) Ly - I
L -4
NST_ = —22 B! of
: Ly - L ch(tw'tﬁ)

89000000

L2'L1

3.17

3.18

Equations 3.17 and 3.18 are methods tc obtain the

average heat transfer coefficient from thermal and

hydrodynamic boundary layer profiles‘while equation 3,13

gives the local heat transfer coefficient at any desired

point.
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Graphical integration rather than numerical integ-

ration was used to_evaluate the kinetic energy and enthalpy

thickness.



CHAPTER 4

DESCRIPTION OF APPARATUS

In the previous chapter equations were deveioped so thsat
the heat transfer coefficients could be obtained from profiles
of the thermal and hydrodynamic boundary layers. This .
chapter is devoted to the description of the apparatus used

to obtain experimental results.

4,1 THE ATIR SUPPLY

The air supply was a two stage radial vane compressor
connected through a fluid coupling to a six cylinder Perkins
diesel engine, The diesel ran at a constant speed of 1100 rpm
with the compressor speed up to 10,000 rpm. The speed of the .
compressor was controlled by adjusting the oil level in the
fluid couplinge.

Air flow was out‘of the compressor, through a water cooled

radiator and into the surge tank shown in figure 3.

L.,2 THE QUTSIDE SECTION

The outside of the annular section was a six and one
half foot length of six inch nominal diameter pipe as shown in
figure 3, On a horizontal plane through the central axis the
static pressure taps were located. These taps were located

directly opposite one another starting eight inches from the




FIGURE 1.

AIR SUPPLY CENTRIFUGAL FAN AND

DIESEL ENGINE
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downstream end and in five inch increments for twenty inches,
This made ten pressure taps which were connected by rubber
tubing to a multibank inclined manometer, The manometer was
filled with silicone (S.G.=1) fluid and inclined at an angle

of approximately 45° so that one inch on the manometer equalled
0,725 inches of water. To ensure that there was no roughness
on the inside of the pressure taps the inside of the holes

were ground slightly with a small electric drill using dentists
bits.

In order to allow the entrance of the pressure-temperature
probe into the annulus a 3/16 x 22 inch slit was cut in the top
of the outside section starting seven inches from the down-
stream end., Before this slit was cut the two angle irons shown
in section B.B. of figure 3 were welded in place, the entire
six foot six inch section was then clamped in position on the
bed of a milling machine and the slit milled. After the slit
had been cut the sides and top of the angle irons were milled
to give an accurate base for the pressure-temperature probe
assembly. The inside of the slit was then finished with the
small electric drill mentioned previously.,

The air seal around the slit was obtained by inserting .
two 5/8 inch foam rubber tubes between the pipe and the angle
irons. A tight fit between these foam rubber tubes'was ensured
by inserting a piece of 3/16 x 1/2 x 22 inch metal strapping

along the vertical leg of each angle iron,
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With the exception of the angle iron, the entire outside
of the »nine was then covered with two inches of fiberglass
insulation., In order to make an air seal at the ends of the
slit, putty was vacked against the angle irons and built up
to meet the insulation. The putty was held in position by
an adhesive tape which is commercially used ss an air seal,

The two flanges were welded on either end of the test

section to complete the fabrication of the outer section,

4.3 THE TEMPERATURE-PRESSURE PROBE

The temperature-pressure probe was as shown in Figure k4.
The base of the vrobe wasg fabricated of mild steel with the
inside faces being machined and polished. Attached to this
base was a2 modified set of calipers. The fixed jaw of these
calipers was removed, drilled and tapped and used as a clamp
on the moving jaw., The exposed end of the calipers was then
brazed to the middle of the base.

The pressure section of the probe was made from number
eighteen gauge stainless steel hypodermic needle tubing. A
hole 0.030 inches in diameter was drilled aporoximately 1/4
inch from the end of the tubing and normal to the central
axise. To block the end of the tubing closest to the hole a3
cleaning rod was inserted in the tubing to a poiht just past

the hole and the remaining length filled with silver solder,
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The filled end was then ground down as much as possible, which
left the centre of the hole 0,029 inches from the bottom of
the probe, this distance being measured on a microscope with

a vernier lense,

Since the readings were desired directly in velocity
pressure a static pressure tube was led from the outside section
closest to where the profile was being taken., The leads from
the total and static pressure were connected to an inclined
manometer filled with red meriam and reading to the nearest
.01 inches of water,

The temperature section was made from ,040 inch stain-
less steel guarded iron constantan wire which was used since
it would retain its shape after being bent, The thermocouple
beads were arc welded in an oxygen free atmosphere to ensure
a high quality.,

The guarded thermocouple wire was then soldered to the
pressure section and bent into the shape shown in figure Uu,
The beads were kept far enough away from the pressure section
so that they would not effect the air flow around it. The
two thermocouples were then connected in parallel on the assum-
ption that the average temperature at these two points would
equal the temperature at the pressure probe. The emf readings
for these thermocouples were taken on a portable Cambridge

potentiometer which read to the nearest ,001 millivolts,
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PRESSURE-TEMPERATURE PROBE

FIGURE 6,
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L by THE CUNTHAL SECTION

The central section of the annular area was made up
of two separate varts, the entrance length and the test sec-
tion, The entrance length was common to all the test sections
and was 40% inches long. This section was made of two inch
nominal diameter vipe cut to 2.30 inches 0,D. The front of
the entrance length was centred by the support flange shown
in figure 3. The test sections were connected by the pin as
shown in figure 3 as well as spot welding for extra rigidity.
Any irregularities in the connection between these two sec-
tions was removed by profiling the joint with a thin layer
of T=3 thermon cement,

Inside the test section three heaters were located.
These consisted of two eight inch 1.5 KW heaters located at
either end and one 4 KW heater located in the middle of the
test section., These heaters were shaped as shown in figure
7, and forced against the walls by a central support cylinder,
which was merely a piece of pipe cut to fit snugly inside the
heaters., Power was supplied to the heaters through wattmeters
as shown in figure 8, which metered the power to the guard
heaters as well as the central test section, the current being

regulated by the three variacs,.



35

| =,2/1 13908 T LON9d

ONO1 02 'A802 HIVIHS AOTOONI MM ¥ 440 | |
ONO1 ,8 ‘A Sl HIV3HS AOTOONI MM &'l 240 2 Su3LVaR

(NMOHS LON ¥3IANITAD 1NOJdNS H3LV3H)

R @-@ Now3s. V-V NOILO3S
NOISN3LX3 Q343A0D B | R | q
NIVTI0NOd OL G3Zv¥e
D . e s - ‘ SETSN
. ‘30,9t HAANITAD S5 GALIN
14bddns ¥AWVAH-LY T N

R—
AR ARIVRRLRR R - T T T L T L T T L T T S U

‘0’0 ,L20 ¥3IV3H HIV3HS ACTOONI— ) . | 8.

L4VHS 9NILvO0T

1avns]® 5% —— LNON4 HLON3 3ONVYLNZ
ONILYO0T MY3Y Y .
SV Q3sn 43a INIW3D NOWH3HL NI 37

=NITTAD L¥0ddNS

T E % |

] 2 GV STdNOJOWYIHL - § B T
2 A oot o ' ' 3
Fa N M N . W, |, A N, NG\ S, v < v e £ 4% \; y Lonnllcatplomlmalonety )
mﬁd..;/////////// e SRR RRRIRNRSEE AR //ﬁW/ ’ i
i | "@o,9%1”

‘HL9N3T 2ONVHIND ANV SNOILO3S ,
SY3aLVIH 40 TvL3a




SCHEMATIC DIAGRAM
- OF
. HEATER CIRCUITS

~~I5 AMP:
VARIACS

' WATTMETER
S.PST SPST \
"SWITCH~ [ Swittch :
. N 1
SAMMETER,
]

/a’.s KW.
HEATERS

P

GUARD HEATERS ~ MAIN HEATER

N R

NT.S. .

- .FIG.NO. 8 .




37

4,5 THE TEST SECTIONS

In attempting to obtain a random roughness for the test
sections several methods were considered, One of these was
to cause grain growth and carbon precipitation on the cylinder
and dispose of the inter-grain material by etching. In order
to find the approximate order of grain size that could be
obtained samples of stainless steel were prepared and heat
treated.

Six samples were cut from available 304 stainless steel
stock and lettered A to F., All the samples were polished before
heat treatment, and then given a light polish after. Samples
A and B were heated in the furnace at 1300°F for a period of
fifty minutes, The samples were then etched by sulphuric acid
and observed under the microscope. There was very little or no
grain growth in these two samples with some of the carbide
precipitating, and the rest remaining in'the grains as nodules,

Sample C was heated in the furnace at a temperature of
1600°F for one hour, then etched as before and observed under
the microscope. A very definite increase in grain size was noted,
this being from a value of less than 0.001 inches to around
0,002 inches. Most of the carbon had precipitated but some

carbon nodules remained in the grain,



FIGURE 9,

BOND BETWEEN PIPE AND STAINLESS
STEEL (X 66)
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Samnlas D and ¥ were both heat treated at a temnerature
of léOOOF, sample D was in the furnace for a2 neriod of 3
hours, and sample C for four. Another definite increase was
noted in the grain size with sample D having a grain size of
0,003 inches and sample E a grain size of 0.00% inches., In
these two samples most of the carbon had precipitated to the
grain boundaries and it did not apoear that grain sizes of the
desired magnitude could be obtained without considerable dif-
filculty and expense,

For these reasons any attempts to obtain a surface
roughness by grain growth were abandoned in favour of metalliz-
ing the surface with stainless steel and machine roughening,

Figure 9 shows a photograph of the bond between the
parent metal and the stainless steel, There are some inclus-
ions between the parent metal and the stainless steel which
are probably due to the bonding material which was sprayed
on the pipe prior to metallizing it with the stainless steel,
The inclusions or air pockets through the stainless steel
probably come from the method of application,

The surface obtained was the roughest possible by this
method as any faster rate of feed into the metallizing gun
caused the metal to deposit itself in large pieces on the sur-
face, These pieces made it impossible to deposit a uniform

thickness on all parts of the pipe and had a very poor bond
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which would fail under the slightest mechanical loading.

Four test sections were prepared, two by the metalliz-
ing method and, two by machine roughening. O0f the two stain-
less steel coated tubes one was left in the rough state and the
other was smooth and polished, There were also one smooth and
one roughened tube not coated with stainless steel, the rough
tube was threaded with threads 0.020 inches deep at a pitch
of 18 to the inch. The diameter of all the tubes was taken as
2,30 inches, this being the diameter of the smooth tubes and
considered the mean diameter of the rough ones,

The surface roughness of all the tubes was measured by
Briel and XKjoer surface roughness equipment using a diamond
stylus which had a 500 microinch radius, the stylus being cali-
brated against a standard roughness supplied with the equip-
ment. The height of this standard sample roughness was 0,001
inches, peak to base., This distance was set equal to one inch
of travel on the Honeywell visicorder which was used to record
the roughness,

Figures 10,11,12,13 and 14 show the traces obtained for
the four tubes as well as g trace of the standard sample and
60 cycle pickup. The trace for the knurled tube is not
considered to be representative of the surface roughness since
the stylus did not move over the veaks of the knurling but

stayed in the grooves picking up the threaded roughness that



by

had been placed on the surface prior to knurling, These
traces were not used in the calculations but are used as a
qualitative analysis of the four surfaces tested. The meter
on the Bruel and Kjoer equipment reads the arithmetic mean
of the roughness and this was used for the roughness parameter
Tel,

All of the test sections had 18 holes drilled in them
as shown in figure 15, this was to allow for.the positioning
of thermocouple beads on the surface., The thermo couples were
made of iron and constantan being secured in position in these
holes by T-3 thermon cement. This cement was chosen since it
had a thermal conductivity of approximately 25 Btu/hr.ft.°F.,
which approximates the thermal conductivity of the tube., All
the thermocouples were led out of the downstream end of the
test section after they came through the central support
cylinder which had holes drilled in it to match those in the
test se;:tion°

The thermocouple beads were all arc welded in an oil
on mercury bath using a voltage of 40 volts. The beads were
then inspected under a three dimensional microscope to check
for any flaws or poor connections. The insulation on these
wires had a design limit of 900°F but could not be used twice
since the insulation became very weak after a series of tests

and could not be laid in the next section without
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being strivved, which meant that new thermocouples had to be
made for every test section., The output from these thermo-
couples was recorded on a Leads and Northrup 16 point recorder,
the thermocouples from the guard heaters being paralleled before
being connected to the recorder. Referring to figure 15 thermo-
couples no,1 and 2 were in parallel, similarly 3 and 4, 15 and

16, 17 and 18.

L .6 ASSEMBLY AND TEST PROCEDURE

When the equipment had been assembled as shown in figure
7, initial tests and checks were made on the equipment. The
16 point recorder was calibrated by use of the potentiometer
so that offset was reduced to a minimum and oseillation of the
self balancing components reduced to approximately one second.
The temperature vart of the probe was checked against the heat
input recorded on the wattmeters as is shown in Appendix 1,

The vressure vart of the probe was checked against air flow out
of the downstream end of the apparatus, where a pitot tube
which had been calibrated for previous work was situated.

As a check against any swirl the probe base was raised
from the angle irons and the entire probe rotated as much as
possible, the pressure section of the probe was then inserted
through one of the static pressure holes and rotated, neither

of these tests dete¢ted any swirl in the system. However, to
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reduce chances of swirl occurring, a flow straightener was
added to the section in front of the annulus. This straight-
ener was made from one inch nominal diameter furniture tubing
and secured in position by a rubber ring.

When avtest was to be.run the engine was started and
brought up to operating temperature with the compressor
running at its slowest speed, The air flow was then brought
up to a point higher than that desired with final adjustment
being made by means of the bleed valve shown in figure 3. The
air flow was measured-after the reducing section by means of a
pitot traverse on the end of the 3 inch nominal diameter pipe.

The temperature of the test sections and both guard
heaters were controlled by means of the variacs with the temp-
erature of the guard heaters nearest the test section being
adjusted so that it was just equal to or slightly higher than
the temperature of the test-section as shown in figure 16, which
gives a typical profile obtained along the entire length of
the test specimen., The power to these heaters was turned on
only after the flow had nearly stabilized, complete stabilization
of flow and temperature requiring approximately one hour.

The Reynolds number range was kept high so that the
effect of the outer wall on the inside hydrodynamic boundary

layer would be small. The size of the lowest Reynolds number
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to be used was found by running several tests on the smooth
stainless steel coated tube until the velocity profile was
of a satisfactory shape., The upper value of Reynolds number
was dictated only by the capacity of the air supply. This
gave a Reynolds number range of from «8x10° to 1-4x10°,

Each tube was tested at four ngnolds numbers in the
range given above and two temperatures 250° and 350°F. A
complete test consisted of taking five temperature and pressure
profiles along the test section, reading the wattmeters, the
static pressure in the section, the inclined manometer, and a
velocity profile at the end of the three inch section. This
procedure was completed for.each temperature and Reynolds
number which made a total of eight tests on each section,
The velocity-temperature profiles were taken from as close as
possible to the inside tube (0,029 inches) to 30 m,m, from
this wall. The profiles were initially taken in millimeters
since the inch scale did not have a vernier., The barometric
pressure was not taken for each test but periodically during

the time a series of tests were being run,
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CHAPTER 5

RESULTS AND CONCLUSIONS

In chapter two and three semi-empirical and some
theoretical equations are stated. The following chapter is
the comparison of these equations with the experimental results
and the rating of the tubes on a heat transfer versus power
consumption basis by Reynolds' analogy. The comparison of the
experimental and published data is then followed by the con-

clusions that were drawn from these tests,

5.1 EXPERIMENTAL RESULTS

Referring to figure 16 the temperature profile over the
complete test section was as predicted. The rise in temperature
towards the downstream end of the section was due to the drop
in temperature between the air and the test specimen causing a
reduced heat transfer rate. The temperature rise of the test
specimen was considered-small enough to be neglected and the
mean of the thermocouple readings was considered the mean
temperature of the test section.

Figure 17 represents a typical velocity pressure profile
obtained in the annular section. As predicted the maximum
veiocity did not occur at the centerline but was offset

towards the inner pipe, approximately 4 millimeters, in the



Sy
profile shown., This offset varied from tube to tube but
the basic shape of the profile remained constant., The tempera-
ture profile shown in figure 18 is similar in shape to curves
in the published material for heat transfer from a surface to
a fluid. Figure 19 is a curve of the static pressure taken
from the inclined manometer the uniform slope being expected
since there was nothing in the annulus to cause discon-
tinuities.

The general shape of the kinetic energy and enthalpy
profiles is shown in figures 20 and 21. The kinetic energy
curves were drawn to zero from the lowest point taken in the
profile since the <%Z) term in the product‘drops to zero while
the other two ratios approach one. The same was true of the
enthalpy profiles although not quite so noticable., By referr-
ing to figures 17 and 18 the curves approach zero at appProx=-
imately the same rate with the temperature ratio being dominant
until the %Z ratio becomes small enough to cause the reversal
of the curve.

The increase in area enclosed by the kinetic energy
profile was relatively small as the distance increased from
the leading edge of the test section while the enthalpy growth
was considerably larger as can be seen by comparing the change
in the areas enclosed by this curve., The hydrodynamic boundary

layer was almost a constant thickness over the test seetion as
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can be seen by comvaring the points of maximum »ressure in
table II of Appendix III. This relatively small change in
the hydrodynamic boundary layer- thickness accounts for the small
changes in the kinetic energy thickness. Figure 32 of Appen-
dix I shows the change in the thermal boundary layer over the
test section, this accounts almost entirely for the change in
enthalpy thickness along the tube,
The kinetic energy thicknesses were multiplied by qg
and enthalpy thicknesses by ug and curves similar to that shown
in figure 22 were obtained. The small slope of the u% 253 curve
again emphasizes the relatively stable hydrodynamic boundary
layer since large changes would be indicated due to the qg term.
Figures 23,24,25 and 26 show the curves for the heat
transfer coefficients obtained for each tube. The three heat
transfer coefficients were calculated from the powerinput and
the boundary layer profiles. The boundary layer profiles were
used to calculate the local (L) and the average (M) coeffic-
ients from equations 3,13 and 3.18 respectively. It may be
noted that the term "average coefficient" describes the co-
efficient that is applicable to the working length and is found
by integrating the area under the curve ofﬁ%z vs 'x', The
other value for the coefficient came directly from the heat

balance, The values obtained from the heat baianee were used

for comparison with published data since they were considered
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the most accurate due to the smaller error in readings caused
by measuring a larger temnerature difference, and the overall
accuracy of the heat balance as shown in Apvendix I, Sample
calculations of these three heat transfer coefficients are
shown in Appendix III.

Figure 2% is the only graph where the two lines obtained
from the boundary layer pnrofiles did not coincide. Exverimental
error was suspected as the cause for the two low values of
NNU evident for curve M in this figure. The tests represented
by these values were run out of sequence., Although reproduc-
ibility was checked at frequent intervals these points were
not re-run and an error in manometer readings of the vrofile
probe would have accounted for the low values.

A close examination of figures 23 and 24 indicate that
there was no measurable difference between the respective values
of the Nusselt numbers. Therefore the contact resistance
between the spray-welded stainless steel coating and the tube
“was negligible compared to deviations encountered in convective
heat transfer data., Thus the inclusions in the bond between
the coating and the tube as shown in the photographs had an
insignificant effect on the heat transfer.

Figure 25 shows the values of NNU obtained for the
stainless steel coated rough tube. Although there was some

increase in heat transfer from this surface when compared with
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the smooth tubes it was not significant., This indicates that
the random roughness was not thick enough to penetrate the
laminar sublayer and cause increased turbulence so that this
height of roughness was ineffective,

For the knurled tube in figure 26 the two lines could
have been brought closer together if the actual area of the
knurled surface was used rather than the area obtained by using
the mean diameter. The calculations for this surface area are
shown in Appendix IV, The calculated knurled surface area was not
exact although it was a good approximation. The fact that
there appears to be an increase in the NNU (P) in figure 26
could have been partially due to this increase in area, since
the Nusselt numbers calculated from the boundary layer pro-
files (Lébﬂ indicate lower values. This seeming reduction in
the heat transfer coefficients could be due to a thickening
of the laminar sublayer caused by the fluid being held in
place by this particular type of roughness, If the heat trans-
fer coefficients were reduced the increase in surface area
must have been large enough to offset this reduction and show
a gain in the heat flow,

Figure 27 shows the friction factors that were obtained
for each tube versus the NRE, The curves are all above those
predicted by Barrow and McAdams for smooth tubes, but have

essentially the same slope. There was some roughness on all
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the test sections which accounts to some extent for the
higher values, with the knurled tube being highest.

Figure 28 gives a comparison of the results obtained
in these tests and published data while figure 29 gives these
same results but shows the relative roughness obtained for
each tube. Barrow's equation is also shown on this graph
with + 25% limits on either side to show the agreement of the
results with this formula. The slope of the experimental
results is closer to McAdams 0.8 than the 0,75 predicted by
Barrow's equation but well within the 25% limits, The results
in this figure show an increase in heat transfer as the rough-
ness increases., The rough and smooth metallized tubes do
contradict this statement but they are very close together and
experimental error could account for this disagreement,

Figure 30 is a comparison of Reynolds' analogy to the
four tubes and Barrow's semi-empirical equation., This graph
rates the tubes on a heat transfer versus power consumption
basis, the lower the curve the greater the power consumption
required for the same amount of heat transfer, It is generally
conceded that an increase in heat transfer by roughening the
surface is obtained at the expense of increasing the power
consumption, However, if the curve for the knurled tube
in figure 30 is considered it can be seen that increased heat

transfer was obtained by very little increase in power consump-
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tion so that the knurled tube is as effective a heat transfer
surface as the smooth stainless steel tube. The smooth
stainless steel and the knurled tube both very closely approx-
imate Reynolds' analogy with slopes very close to Barrow's
equation. The machined smooth and the rough stainless steel
have a large deviation from the other two at the lowest Rey-
nolds number but all are close at the upper limit., Again
experimental error is the only reason which could account for
this deviation particularly for the machined smooth tube,

Figure 31 shows the approximation of the tubes to
Barrow's formula as taken from figure 30 and are given only as
a comparison,

The results for the 350°F tests are not shown since
there was very little variation of these with the values obtained
at the 250°F test runs., The deviation between the heat trans-
fer coefficients is shown in table I which was taken from a
test on the knurled tube 20 inches from the leading edge of

the test section.

TABLE T

COMPARISON OF 250°F AND 350°F TESTS

h Temperature ‘
250 350
Heat balance 8.28 7.83
Fqn., 3.13 Local 7.76 7.06
Fqn., 3.18 Avg, 7,17 7.17
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5,2 - CONCLUSIONS

The existing theory for the effect of roughness on the
fluid friction and the heat transfer in an annulus has been
reviewed and applicable equations developed from flat plate
theory. It was found that this theory predicts the heat
transfer coefficients for all but the knurled tube within 25%,
The values for the knurled tube can be brought into line by
applying an area correction calculated in Appendix IV, The
values obtained by the boundary layer profile appear to be
systematically low but a check‘of the theory and calculations
produced no obvious error. The only assumption made in the
theory that was of major concern was the neglecting of the
heating effects caused by friction. There will be some heating
but in the velocity range, which was from 50 to 80 ft. per
second, no major error was inherent in this assumption,

This method of analysis does on the other hand give a
greater insight into the effects of roughness on both the
hydrodynamic and thermal boundary layers. The profile method
could be used for a qualitative analysis of a heat transfer
surface as to the effects of discontinuities of the surface
on the boundary layers,

The relatively low roughness on the stainless steel tube
had no apparent effects on the heat transfer rate either

from the heat balance or profiles, This seems to indicate this
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roughness did not disturb the hydrodynamic profile and that
the laminar sublayer was thicker than the base to veak
height of the roughness,

The knurled tube did have an effect on the boundary
layers such that the heat transfer coefficients obtained from
the profiles were reduced. For this to happen this tyve of
roughness must have held the laminar sublayer in place and
in fact thickened it.

The actual effects of the roughness height and shape
on the laminar sublayer thickness could be better investigated
by readings taken to within two or three thousands of an inch
of the surface. The sublayer thickness for this Reynolds
number range was in the order of 20 thousands .of an inch and
with this probe only measuring up to within 29 thousands this
type reading: could not be taken,

Finally,

1. Although the heat transfer coefficients
obtained from the kinetic energy and enthalpy thicknesses are
below those obtained from a heat balance they give a quali-
tative analysis of the effects of roughness on these coeffic-~
ients,

2. A study should be carried out which inves-
tigates the hydrodynamic and thermal boundary layers very close

to the heat transfer surface over a wider range of e/D. This
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should bte done with the possitility in mind of building up a
Tamily of curves for various vilues of e¢/D to be used to cal-
culate heat transfer coefficients,
3¢ An investigation should also be carried out
to determine the effects of the actual shape or type of the

projections to evaluate air flow »atterns around them.
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APPENDIX I

HEAT BALANCE CALCULATIONS

In order to calculate a heat balance the flow cross
section was divided into eight equal areas as shown in the
diagram below., This made the cross-sectional ares

equal to 3,11 square inches.
///4V//

L,

A o
P
S0 L S

The average velocity and the temperature rise was found
in each section by means of the velocity pressure and tempera-
ture profiles shown in figures 32 and 33,

In finding the temperature rise in these areas, particu-
larly 1 and 2, the temperature was taken at the point where
| the cross=hatched areas in figure 32 are equal. These sample:
calculations were done for the knipled tube with uncorrected

surface ar@ds.,
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Area 1,
Temperature = 102°F = 562°R
Static Pressure = 1" Hg,
Barometric Pressure = 29.33" Hg.

Total = 30,33" Hg. = 1%.89 psia.
i = 14,89 x 1ML
DvﬂSlty 53'3 % 562 030716 %%_?_ft.
Velocity pressure = 545" H,0
_ /n . 545 _ £t
Vel, = 18.3 /0 = 18,3 0716 2,76 x 18.3 = 50.51 soc.
Weight flow = /KDAU'
= .0716 x 3t x 50.51x3600
= 281 £28
Q = chAT
L1 = 18°F.
Q = 281 x 0.24 x 18 = 1215 P2
Area 2,
Weight Flow = 312 lbs/hr.
LT = 4OF,
Q = 312 x 0.2% x 4 = 299 Btu/hr.
Area 3,

Weight Flow = 314 1bs/hr.
Temperature Rise = .5°F

Q = 38 Btu/hr.



75"

Area Y4,

Q = 37 Btu/hr
Area 5,

Q = 36 Btu/hr.,
Area 6,

Q= 34 Btu/hr.
Area 7,

Q = 31 Btu/hr.
Area 8,

Q = 26 Btu/hr.

Total Heat to Air Flow = 1716 Btu/hr

Radiation Losses.

. . Lo
Qp =€ €, a Fy 4 (T2 T )

€, inside tube = 0,30 E = emissivity
i o
T = 0,1714%x107°  Btu_
€, outside tube = 0.7% hr “F.
T, = 560°R
T, = 710°R
(1,*-1,") = 156,1x10°

Assuming the outside surface as a black body and Fy -4

equal to unity:



%

Q = 0.30 x .171% x 156,1 = 80 Btu/hr-sq.ft.
2,30 x 77 x 20 _
A = X = 1 sq.ft.
- - Btu
Total Heat Transfered = 1716 + 80 = 1796 o

H

528 watts.

Power measured to Central Heater = 520 watts.
_ .8 _ o
Error = 55 1.5%

The 8 watts which constitute the error could originate
with the assumption that the outside cylinder was a black
body. The power metering equipment to the central heater
was then assumed accurate enough for use in calculating the

heat transfer coefficients.



APPENDIX II

CALCULATION OF FRICTION FACTOR FROM FANNING

EQUATION
r-2804R ( Dey (DI,

These calculations are for test no.32 which was on
the machined smooth pipe with a NRE = 98,300.
ﬁsh on manometer = 0.09 inches.

Conversion factor for manometer = (0,725 in,HZO/in@Mane
Ap over 20 inches, = 0.09x0,725%5,2=0.339 psf.

Static pressure = 0.85"Hg.

Barometric Pressure = 29,12" Hg
Absolute Press. inside section = 29,97"Hg. = 14,72 psia.
Mean flow temperature = 80°F. = 540°R.

_ 1 72ox14y 1bs
/9 T 53agsh0. © 0.0737  ultE.

G from profile at outlet of 3 inch pipe.
Average velocity = average of 18.3 &ﬁ% = 183 ft/sec,

Outlet Temperature = 82°F

Outlet density = 1?.3§%42 = 0.0713 28



APPENDIX III

CALCULATION OF HEAT TRANSFER COEFFICIENTS
AND DIMENSIONLESS NUMBERS

These calculations are for the same test as in Appendix
IT,

‘The temperature and pressure profiles were taken as shown
in tables 2 and 3, Each profile was then analyzed and calcu-_
lations completed to give tables 4,5,6,7 and 8, These results
were then graphed as shown in figures 20 and 21. The area
of each of these curves was measured with a planimeter with‘

the areas as shown on the above figures., These areas must be

in
sq.1in,

kinetic energy or enthalpy thicknesses. In the calculations

multiplied by a scale factor of 0.04% to give the
the last term in equations 3.18 and 3,13 were neglected for
the reason shown below.

From Eqn.3.18 the last term iss

. 2
g Q312 - A311)

2C, (By,=tg) Ly = Ly

C, = 0,024 Btu/lb °F.,

/U= 0,0745
tg = 1,198 MV = 74°F
+ = 6,471 MV = 252°F

W



TABIE II éO
VELOCITY PRESSURE PROFILES

Distance From Leading Edge of Test Section (inches)

20 17 15 10 0
" .27 .28 +295 .30 .35
] 0314» aBLIr 035 036 61+15
T L .375 .39 .395 42 L6
« % 5 42 .43 iy A6 +50
D 0 .48 .49 250 .52 -565
%~ a o .59 .60 .59 .62 .67
E £ oz Z .66 .67 .66 .69 .73
- R- .70 .72 .70 .72 .75
X ~ .71 .73 ."705 725 .76
o > .68 .70 .68 .70 o
o
OUTIET VELOCITY PRESSURE PROFIIE
v i {
Station 1 ‘ 2 L | 5 6 7 18 9 10 11
Pressure L.55 | 6.35 7.9 |8.45| 8.80 | 8.35 | 8,15 | 7.75 | 6.40 | 4,55
n
H,0
. |
TABIE ITI
TEMPERATURE PROFILES
Distance From Leading Edge of Test Section(inches)
20 17 15 10 0

] — 3,160 2,855 2,825 2.7L5 2,868
< v 2,190 2,262 | 2,222 | 2,122 | 1.852
o 3 2,043 2,096 2,071 | 1.961 1.698
= 1,902 1,959 | 1.939 | 1.840 | 1.578
= = 1,718 1.782 | 1,785 1,669 | 1.442
22 SZ 1.443 1.490 | 1.482 | 1.433 | 1.328
- £ S 1,291 1,368 | 1.362 | 1.343 | 1.309
< oL 1,228 1.303 1.312 | 1.311 | 1.309
& ZAa 1,198 1,282 | 1.299 | 1.300 1,309
i ::JE{ é 1,194 1,282 | 1,299 | 1.308 | 1,309




Area ratio

G = 183 x

Urj
O |-

L—"U
()

)
i

between annulus and 3 inch pipe.
Area 3 inch pipe = 0.0512 sq.ft.
Area of annulus = 0.173 sg.ft.

0.0512

ratio = oy © 0.296

3600 x 0.0713 x 0.296 = 13,904 %02 hr.,

= £209-2.30 - 5,188

2%32,2%0,0737x0,339%0,383x0,188 _
i%.92 = 0.0078

78




CAICULATIONS FOR KINETIC ENERGY AND. ENTHALPY PROFILE

TABIE IV

DISTANCE FROM ILEADING EDGE OF TEST SECTION = 20 INCHES

81

w [ E-Ty
Jelelel s gl )] e
0| 617 | .381|.62 1,025 .392 3,160 | 1.962 | .372] ,235
1| .692( 479 .52 1,062 .382 2,190 | .,992 | .188| ,138
2| 727 | .528 | .47 1.092 373 2,043 1 .845 | ,160| 127
3] 769 .592 | .41 1,126 .355 1,902 704 | 134} 116
51 .822|( ,676|.32 1.194 314 1,718 ,520 | .099| .097
10| .912] .81 |.17 1.363 211 1443 | 245 | JOL6| 057
15 | ,964 | .930 | .07 1.532 .103 1,291 ,093 | ,018| ,027
20 | 993! ,986 | .01 1,701 ,017 1,228 ,030 ! ,006| .010
25 11,000 {1,000 | ,000 | 1,870 .000 1,198 ,000 : 000} .000
TABIE V
DISTANCE FROM LEADING EDGE OF TEST SECTION = 17 INCHES
0| .620| .,384 .62 1.025 .39 [ 2,855 11,573 | ,303i .193
1 ,683 L6653, 11,062 . 387 2,262 .980 .,189} ,137
2| J731| .534 | 466 | 1,092 372 12,096 | .8lL | .157| .125
3 767 .589 | 411 | 1.126 .355 1.959 677 130 ,112
51,819 ,6711.329 | 1,194 .322 1,782 ,500 | ,096: 094
10 .907 | .822 1,178 {1,363 .220 1.490 | ,208 | ,040}| ,OL9
15| ,958 | ,918 !,082 |1,532 ,120 1.368 1 ,086 | ,017{ .025
20 ,993 1! ,986.014 |1,701 L0214 1,303 | ,021 | .00L| .007
25 11,000 | 1,000 | ,000 1,870 ,000 1.282 . ,000 | .,000{ ,000



CAICULATIONS FOR KINETIC ENERGY AND ENTHALPY PROFIIE

TABLE VI

DISTANCE FROM IEADING EDGE OF TEST SECTION = 15 INCHES

82

| @ [ £-%
- & L) | e o e
0 .64 | .418| .582 | 1.025 .385 2,825 | 1,526 | .295| ,195
1 .204 | .496| .50k | 1,062 377 2,222 | ,923 | ,178| .133
21 78| .560| 44O | 1,092 .359 2,071 | 772 | .149| .122
30,790 | .624| .376 | 1.126 .334 1.939 | .6L0 | .123| .109
5, .842| .709| .791 | 1.194 .293 1.785 | 486 | .094| .095
10 .915 | .837| .163 | 1.363 .203 1.482 | .183 | .035| ,O4L
15| ,968 | ,936] ,06L | 1.532 .095 1.362 | .063 | ,012| .018
20,997 | .993| .007 | 1.201 ,012 1.312 | .013 | .003| .005
25 1,000 | 1,000 ,000 | 1,870 ,000 1.299 | ,000 | .000| ,000
TABLE VII
DISTANCE FROM IEADING EDGE OF TEST SECTION = 10 INCHES
0| 643 | .41h4| .586 | 1.025 .386 2,745 |1 445 | .279| .18L4
1| .705| .497| .503 | 1.062 377 2,122 | ,822 | .159| .119
2| ,761| .579| .421 | 1,092 .350 1,961 | 661 | ,128| ,106
31,796 | L63L| .366 | 1.126 ,328 1.840 | o540 | .104| .093
50 .8,7 | L7117 .283 | 1,194 .286 1.669 | .369 | .071| ,072
10 | .925| .855] ,145 | 1.363 ,183 1.433 | .133 | .026| ,033
15| 976 | .952| 048 | 1,532 072 1,343 | 043 | .008| .012
20 | ,907 | .993| .007 | 1.701 ,012 1,311 | .01l | .002| ,003
25 11,000 | 1,000 ,000 1,870 .000 1,300 .000 ,000| ,000
TABIE VIII
DISTANCE FROM IEADING EDGE OF TEST SECTION = O INCHES

01 .685] ,469] .531 | 1.025 373 3.860 1,551 | L300] .21l
11 o747 ) .558| JA42 | 1.062 351 1,857 | 548 | .106| .08L
2| .788 | .620| .38 | 1.092 327 1,695 | .386 | .075| .06L
3| 820 | .673| .327 | 1.126 ,302 1,580 | .271 | .052| .oL8
51 .867 | .752| .248 | 1,194 0257 L.446 | 137 | .027] .028
10 |- 944 | .891] .109 | 1.363 140 1.330 | .021 | .004| .0O5
15 | .982 | .96L4| 036 | 1.532 NeL7A 1,312 | .003 | .001| ,002
20| .997 | .993| .007 | 1.701 012 1.309 | .000 | .00O| .000
25 11,000 | 1.000[0,000 | 1.870 ,000 000 ,000

1,309

.000



. - h¢ | 0.71
= [ === = s S = -801 { =* =
u {;%E~— 183w/mx ] e
= 56.5 %%c
A3L2 = %,31 x 0.0% inches = .172% inches.

i

3,39 x 0,04 inches = ,1356 inches

Z§3Ll

56.55%56.55%.,0368 _
2x0.24x178%x778x32.2x20

6

Above term = 2,75x10"

First Term in egn. 3.18.

Agoro - Ag211 _
I, - T

> 1
At2L2 = 1.43x0.04 = L0572
At211 = 0.49%x0.04 = .0196

Above term = &Qggé = .00188 = 1.88x1073

The last term was then considered of insufficilent
magnitude to be considered in the equation.

From 3,18 NST, = 1.88x107>

g

i

Neglecting the last term in equation 3.13 and since

1,88X10"3XO.2%X56.55XO.O745X36OO

6.84%  Btu
hr.ft. EF

83

the slope of the line in figure 22 was straight the local heat



transfer coefficient was constant.

slope = ,113 ftg/sec,

/%= 0,0745 1bs/cu.ft.

Local h =.,113x3600x0,0745%0.24= 7,

Taking the power input = 443 watts

L 2:3220 = 1 sq.rt.

I

surface area

T = 178 °F,

_ W3x3.412 _ 8.64 Btu

27

Stanton Number,

NeT - B . 8.6h i}

¢, G 7 0.2%13,90%

With f from Appendix TII

NST _ 0,00259 _
F/3 = 0.0094/2 = 0066

hDe _ 8,64x3.79 -
k

Nusselt Number. 12x 0.015

DeG _ _3.69x13,904

178 ~ hr.ft.2 OF

Reynolds Number = jﬁ T 3600x12x1.2%x10

Prandtl Number = )Qﬁﬁ = 0,705
(from tables)

This process was repeated for each test,

=5

Btu

hr.tt2 OF,

0.00259

179

= 98,300

8L



APPENDIX IV

CALCULATION OF THE TRUE SURFACE AREA OF THE
KNURLED TUBE

Analysis of the knurling,
PLAN VIEW . . , .

‘ Dimensions were made on a microscope
with a magnification of 50 and a
vernier scale on one lense

1% m.m. = 0.059 inches,

SIDE ELEVATION
Height = 0.007 inches
.059 inches = % base length.

Length between large angles in plan view,

5agg = sin 30° = .5
x = 0,028 inches
2x = 0,059 inches
Area of % base = 0,028 x 0.059 = 0.001652 sq.in.
Area of base = 0.00330% sq.in.

30% pyromids per square inch.,

SURFACE AREA OF EACH DIANOND

0.007 inches
0.028 inches

k ‘{/ A

V/ 0.029 inches

I
i?
I
oo
TRt

i



. 86
> /It\\\\ e = 4 a2+d2

c 0.066 inches.

1l

Area of 1 face of pyramid = ¥ x 0.066x0.,29 = 0,00096 sq.in.
Area of vyramid = 0.0038% sqg.in.

Surface area per square inch of flat surface = 1.167 sg.inches.

ANALYSIS OF THREADS

18 threads oer inch 0.01% inches wide
0,020 inches deep

Diameter = 2.29 inches

Ares of lateral face of groove vper revolution
= 0.20 X777 X 2.29 x 2 = 0,29 sq.in,

Over length of tube = 0,29x18x20 = 104 sq.in,

Length left unthreaded = 1=(18x0.014%)=0.75 %ﬁ

Unthreaded surface = 15.0 inches

Smooth surface area = 108 sq.in.

Knurled = 108x1.167 = 126 sq.in.

Surface Area of Thread Base = 39 sqg.in. .

Total surface area‘= 104+126+39 = 269 sq.in.
Ares of knurled and threaded tube =_1.87 sq.ft.



APPENDIX V

CALCULATION OF ARITHMHETIC MEAN ROUGHNESS FOR

KNURLED TUBE

Length of base'y'! from Appendix IV,

////moo%\“
L W
! L & vy = J00592=60282
M o 0
o4 y = 0,052
] 2y = 104
Arithmetic mean roughness = e

L
1
e =71 \Jﬁ lyl dL
0
For % of triangle |y = %5 LdL
52
= l‘-—{ L
o
2 52
= *Zg (%“ ) 1 = 3,5 thou.
52 0

e for second half of triangle = 3,5 thou

e for threads lg%%i

104x3. 5+10x1%  _
— 118

e for surface

1587micro—ins/inch,

Yo
o
O

4,270 milli—ins,
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