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ABSTRACT

The wonk described herein is an atternpt to adapt hydro-

dynamic and thermal- boundany layer theory for annular" flow as

applied to nough sunfaces " The theory was tested experimen-

talLy on four tubes over a limited Reynolds numben rangeo

Convective heat tnansfen coefficients have been

generally obtained by heat balances and correlated by dimen-

sionless panametens obtained by dinensíona1 analysis and

rnodified semi-empiricallyu Few nesearchers have used the

available botrndany layen theories to calculate the heat tnans-

fer coefficients o However u the literature indicates there is
a lreratlonsnr-p between the sunface roughness and the boundary

layen thicknesses o The boundany layer pnof iles thenefone r^rene

used to detenmine the heat transfen coefficients because this
procedure gives a better insight into the effects of sunface

roughness " The availability of equipment and pr:eliminany

attempts to produce a nough surface 1ed to the use of an annu-

lar type of test configuratÍon"

fn prepanation for the development of the theony a

perivation of Reynoldsr analogy is shown followed by 
""=r.r*é= 

of

some of the published data which are appnopriate to this work.

The theory fon hydnodynamic and thermal boundany layen is then

developed fon annulan flow from flat plate theony"

A desc:ription of the appanatus and the expenimenta1

pnocedure are included andrin concludingrthe expenimental

resul-ts ane companed to the theonv of others o
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GLOSSARY OF TERMS

ALPHABET]CAL SY},itsOLS

A = surface anea of the test section - ftZ.

C = specific heat - Btu./lboF,

De = equivalent diameter=D2-Dr-ft"

E = total energy Btu or ft-lbs.

EH = eddy diffusivity of heat - tt?/sec.

EM = eddy diffusivity of momentum - ft?/sec.

e = arithmetic mean surface roughness -micro-ins. /inck-,

f = Fanning friction factor = g 2À!p De Dt

c2LD2

g = loca1 acceleration of gravityu32.2 ftlsec.2
1^

G = weight flow - lbs/hr.ft" ¿ or lbs/secoftu I

h = convective heat transfer coefficient Btu/hn.ft"2-sF

j = dr-- t$r'".
.1 . ,r - (\'14I = r (ffi)"'*'o

k = thermal conductivity - Íltu/hr. f t. oF

K = (t'iST/F/2)/(NSTo/Fo/2)"

L = length from leading edge of test specimen-ft.

p = pr€ssurg - lbs /ft o'

a = total heat flow-Btu/hr"

r = radius-ft"

o = Heat tnansf er - Btus/br.



1V

t : tempo oF

u = velocity ftlsec"
V = volume ft,3

W : work Btu/Ib.

Y = r-rI-ft.

GREEK LETTERS

a = diameter natio=D, /D2 ,

Å : hydrodynamic boundary layer thickness - ft.
(Àr = thermal boundany layer thickness - ft.

(

( - ì-.i -^+.i ^ +L-'^r-- r^ 2a3 - kinetic enengy thickness = I t ,, , u ,,-.,P. rdr *
'o î6tt-( ;Á/ /p¡ ,,n ø

Á

À. = enthatpythickness= f.olrt-tÅ )l: dr*"t2 .l o 
"Á( .r*Á ' pÁ i, ' 

"

À = o^/r, ,

I = timec
p = dynamic viscosity - lbs/L:y. ft or lbs/sec,ft.
Þ = fJux density- Btu/hn.ft,2

p = density - lbs /cu o ftu

7 = shean stress = p# - ms/nP

DTMENS Ï OIJ LES S bIUI.,1 J]E ID.S

NRE = Reynolds ]{umber = (TÞ)o

't For f low in an annul-us.



tii'Ju = Nusselt I',lurnbe¡. = t*)o

t'rST = SiantonNumber = (cpFZ-)b
"y" r

t¡PR = lrandtl Ìriumber = tþlo

SUBSCll]-PTS

I = aÈ inner wall- of annulus

2 = at outer waLl oÍ' anr:ul-us

a = value calculated from formulae

m = point of max. velocity
M = mean

b = at bulk conditÍons

o = temperature of flovr if no heat arldition

p = at constant pre¡,sure

v = af constant volume

w = at inner wa1l of' annulus
TÄ - at outor extrenrity of, the boundary J-ayer"
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CHAPTER 1

ÏNTRODUCTTON

The work described hereln 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 limlted Reynolds nunber rangeo

Convectlve heat transfer eoefffeients have been generally

obtained by heat balances and correlated by d.innensionless

parameters arrived at by dinensional analysis and modlfled

semi-empiriea1ly" Ferr researchers have used the available
boundary layer theories to caleulate the heat transfer eoeff-
ieients , However, the llterature indicates there is a relation-
ship between the surfaee roughness and the boundary layer

thi-ckness. The boundary layer profiles therefore were used to
determine the heat transfer coeffleients because the proeedure

should give a better understanding of the effeets of surfaee

roughnes s .

Until reeently most of the studies of the effeet of surface

roughness on conveet j-ve heat transf er have been r estricted to
the inside of pipes, reetangul-ar duets and flat plates, Some

of the workers ln this field have been Durant and Mirshak
*(7)'e Lancet (tZ¡, Levy and Sebane (f3)r Nunner (18) and.

Smith and Epsteln (f7), Thelr work varied from the very
il_-' Numbers in italies refer to referenees in Bibllography.
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theoretical- to the quite .oractical and rnany advances have

been made tonards a complete knor^rledge of the effects of sllr-

face ror:.ghness ln pa.rticular flow eonfigurations. The

availability of the equipment and creliminary attempts to pro-

duce a rough surface led to the use of an annular ty.oe 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 l-iterature v¡hich is approoriate to

this 'nrork, This includes work by such authors as McAdam (1+),

Kemeny and Cyphers (10)e Barrow (1)e Patterson and Durands

(16)? Knudsen (I1) and Brunello (3)" The theory for hydrodyn-

amies and thermal ì:oundary layers was then develoired. for
annula-r flolr¡ from the flat olate theory advaneed by Brunell-o

A deseription of the apparatus and the experimental

procedure ere included a.nd, ì-n concluding the experimental

results are compa.red to the theory of others.



CÍIAPTER 2

BASIC PRlùiCIPLES AJ{D PUELISI.IED DATA

The convective heat transfer coefficient is a parameLer

iisec- Lo <ietermine the amount of heat flow from a surface to å

i. 1-uÍd and is analogous to replaciLlg tiie tnermal concluc tivity
(k ) in t-,he equa ti an 

dt
A = -kAd*

Si.¡¡ce the arnount of heat transf erreci to olr from a fluic -Ls

cieLernined by bhe hyorodynamic bounciary l-ayer fhe convettive

heat transfer coefficient is dependent on this boundary layer.

The roughening of a heaL transfer surf'ace rrus a ihree-

f olc. r'esu"lt. The ::oughness inc.reasös Lhe surf'ace area of' ùhe

elornenb, c¡:'eai;es turbul-ênce t'vÌiich transÍers heat into l-)ra l','ïol'r

velocity main streamu and increases the friction factor"

tIühen the entire wetted perimeter is roughened the fric-

tion factor has been found to increase faster fhan the convec-

i:ive heaL transfer coefficients so the advantages of surface

roughnoss ane either reduced or vitiated, depending on l-ocal

power cosbs.

The following is an analysis of Reynoldsr analogy and

a dis cuss i<¡n of the publÍsl: ed material containin¡5 niethods

rei-a becj to bhis analogy " This is done by f irst determining

a semi-enrpi:'ical equation vubich preo.icts the Í"riction factor

and bhen by Reynolds r analogy a formula for the heat transfel

coefficient is obtained"



2-I BASTC PRINCIPLES

In turbulent flow three forms of heat transfer ane

presento In the neighbourhood of the heat transfen surface

the fluid is essentially at nest and conduction is the only

method by which heat is tnansferred" As the distance from

the sunface is increased the amount of heat transported by the

hi oh r¡el nr:i tr¡ cone increases until convection becomes the¡¡¿6r¡ vv¿vv+ eJ

dominant mode o In turbulent flow the thind mode is caused by

a continuous mixing of the fluid particles due to the velocity

fluctuations" V,ihil-e the mechanism of this mass tnansfen is

fairly well understoodu mathematical analyses are impractical

for engineering punPoses o I

Since the velocities near the surface ane neanly at nest

heat can be conside::ed to move perpendicula:: to the surface in

the case of a flat plate r oF radially, in the case of a cir-

cula:: section" Pnandtl considened the layer adjacent to the

wall to be laminar and that no heat was transferred by turbulent

mixing in this Iayen" Outside this layer Prandtl conside:rs

conductíon and shean small enough to be neglected" l^lith

conduction and shear neglected the heat in the turbulent

cone ís tnansferred by macnoscopic mass movementu eddy

diffusion. The entire pnocess is covered by the tenm convec-

tion" The case analysed below and of cortcenn in this thesis

is forced convection which is the term used to describe the



Ðrocess when there is an affec'bed floi,¡ of the fluid DVer the

surfae e.

The edd.y diffusion of momentum (EM) is d.eseribed by

the equation:

T = ¡17EM) du a c E o o o . o . o. o o . o o o . ô c a o c c o o o o c o o o e 2"I
¡l r¡

In the laminar sublayer EM reduces to zero leaving the formula

for vlscolls shear

.Y
4r9 = udu./ ã;

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

g - -1t<+rzocoEH) +! à.âee.oo.ooe eoooo'oe oooooocoseeo z"z
A / y 

dy 
o.âeQ.oo.ooe oooootôe ooooooco

ïn the laminar sublayer the eddy diffusivity becomes

zero leaving the formula for pu.re conduction

q_ -k dtadv

2.2 REYNOLDS!ANALOGY

If the flon in an annulus is well enough developed

to neglect the effeets of the outside wal-l on the inner boundary



layer and the radial pressure gradient is neglected the

nelationT/Tw - r/r* exists for local- shear stresso Assum-

ing that a similar condition exists for heat flux:

Equation 2.L and 2"2 can now be wnitten:

9r¡ykdt
ï7.(f +;)=-(;- + EH); oeoe ooaoooooocqoo€oo 2"3--v7, -P 'w "pP oy

q/A - r
rq7Ãç - Ç-

s e c o E o o I o o .o o e e 9 o o o ê o 2 
" 

4

The term ( klpCn + Eg ) is considered as a turbulent
.Prandt1 number and the term (Ë + EM) as a tunbulent kinematic

viseosity" If the tenms ane eqüalo equation 2"5 results fnom

dividing 2.3'by 2o4u Thís implies En has the same effect
on the heat tnansfen as E* has on the shear fonce, also

^J =* means!= I or IrIPR = l which restricts itsP"p p U,%

applications to fluids with NPRts fnom 0.7 to 2.0u
Qro du

\cp 1-'
Integrating u fnom 0 to U" and t from t" to tO and

substituting in the definitions e

tr = qwlAw(t*-tb) and Yng = f.pu2/2

Reynoldsl analogy is obtained.

Lf
NST = ;fi =; ooeoqeoooeô6ooeooeoo 2"6

Y tD'



This formul-a was first developed

Reynolds ¡ from equation 2 
" 
5 it can also

of the heat f l-ux as f ollows:

1n

be

7

1874 by Osborrle

wnitten in terms

o=þ=.A
'lt

f, o o e o o o e o o o o o o o o c 9 o o o . o a I I o o 2 a7

The derivation of Reynolds î analogy implies a Prandtl

number (NPR = $l of unity and equal thermal and momentum

diffusivitiesu Howevero the analogy is assumed to apply fon

Prandtl numbers ranging from 0.70 to 2,0 or highen and serves

as a first appnoximation fpn most convective heat tnansfer

analysis " More advanced theonetical analyses yield a

complex function of the NPR when relating the NST to the f/2

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

NST NPR2/3 = E = Corburn Equation (14) .*'".ooooooûoeo 2"8

With Reynolds t analogy assumed to apply for ain

(NPR = 0.7 ) semi-empinical equations that have been obtained

by other authons can be used as a companison in this wonk.

If the viscosity changes appneciably with temperatune an

additional correction factor is necessary but for the wonk

described herein it has been neglected"

Although heat transfer and friction effects in an

annulus have not been studied extensively some authons have

.. dt
Þdu



8

advanced formulas corrected to annular flow fron flat plate

duct experiments"

2-q RECENT THEORIES ON ANNTIIAR HEAT TRANSFER

Knudsen J"G, (11)

The author analysed the veloelty proflle unlque to

annul-ar florr and the derlvatlon ls shown below,

Taklng a force balance on arr element of stead.y fuIly
developed turbul-ent flow the shear stresses ean be related as

f ollov¡s s

Tt _ rz ("*2 * ri)
Ë={ ("îæ)

7z -e2
= ^t 

@ooooøoøaôoeoeot 2"9
d-( l_* 

^-)

,2=-m

Where ¡

,æ

''" 
fir] '
L"zJ

e Ê o ô o o o 2"LO

or 
A2 =#

Deallng

factor ean be

=Lr
2

[',t

4.

"l

\

exelusively wlth the lnslde waII the frletlon
deflned ase

ê o 6 @ o o ø ô o o o e o e ø o o @ @ o a @ o 2" IL
28"

Az -az= 

- 

.---
c>C (1 - t\Íl

#Tz
w \

I
I--T

rz
+- rt

tJ.

CtrAITRF IINf
Ç4 ri

=-fe # 
-

But 912
O t g . o ø . o ø ø Ð ø o o ø . .. ø 6 t o Hø¿H
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In the caleulation of

ient for an annulus lulcAdams

be used: :

2/3 ^.j = NST NPR ; 0,023 I{RE-"''

the errerase heatsvv¿söv

sr: s sest s that the

10

transfer coeffic-
folloi,uing formula

The above formul-a is recommended for convective coeffie-

ients on the inside of tubes'

To adapt the following equation I¡leigand multiplied the

right hand side by a ratio of , D2 .0"1+5
l-l

'Dl o

Similar factorS consistlng of diameter ratios have been

rlorro'loned hv other aUthorS and are listed in the referenees.uv v v¿vIrvs

The development of such a ratio is shown under Knudsenrs

irtOf k.

ferueny¡--Ç..å " and--C¡pherer J "A. ( 10 )

These authors did Some extensive work on the pressure

drop in an annular configuratj-on caused by surface Spoilers

and derived- an equation based on theory previously advanced

in Carslaw and Ja-eger, and f,rom formulas developed by Nunner"

n(ß - lfDç,€ \-/ -,f H \r - rï¿t! ( 
D=ã )

This work is

o e e . c r o . o . o o t c o c ? o o o ó o o o 2" I8

B/'
,1n 10H. I I
\ -F-i 

J..cqooo 
leIV

publlshed on heat transfer

þ' ll:-o.2oB

one of the few
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and fniction in an annulus using surface spoilers but has

not as yet been verified by other investigatons " A formula

for use in calculating the heat transfer coefficient on the

inside pipe was not advanced. They companed the ratios of

2jlf versus NRE as a cniterion uPon which the various tubes

could be evaluated" They also use a ratio of j/fpu but the

a.clvantages of using such a ratio are not apparent because the

scope of the work is limited"
The authors advance a fonmula fon calculating the

friction factor ande if Reynoldst analogy is assumed to hold

an equation for the Nusselt (NNU) on NST is obtained. This

equation is as follows:

-)/? - lo*or0.05 rE-l [0"593-0"20g trn 4E)t", ooa 2,2a(NPR)'' " NST = =ffi¡-'-- (-) 10"593-0"2U p
" ue

or changed to NNU by the relationship

NNU1\5r = æNRE NPR

Banrow" Hn (1)

Starting with the concept of momentum and thermal

diffusivity and considering a negion whene turbulent mixing

pnedominates he applies Reynolds ? analogy again implying the

two diffusivities ane equalu In orden to account for the type
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of vel-ocity profile inherent in annular flow, he obtains
:rr.r ârirrÐ'l-inn fOI' A. fiCtitiOtls rerìil:s lr,_) sliSht'lv lerser thsnvYu . vrvrr ¿ v¿ ¿ :v v¿ v!vqÐ r quJqÐ \r 

f 
.i J¿!t)!¿v¿J ¿aJ. bv¿ vr¡u¡r

the inslde pipe so that the shear stress at this fictitious
,/v \radius ( / wo) equals the shear stress at the outsid,e r+all

tM \ Fì.\ I wr). This brings his results into agreement wlth the lit-
erature cited"

The f inal f ormula advanced by Ba::row is:
1 tl,

NN{I = 0"03+6 Ng6:z- FlFjr/F2 ooocoo..oco.Ò.ccoo.o.ccc 2,2r

i,rlhere
f-)

d_ L

=1

- 7*t xf-c<,?-r-z i" oc r;1 =- --r 
--- 

e r| *z L 2X- lnOC -á'+IJ

F2 = L + em/ew er= heat flow at maxovelo

-L/+
n INRE 2ìT^ I-1J l.lunno

T,2-m
a'=Æ-f T2

The equivalent diameter is described as:
2)

der=2( T2'rm- 
)¿T2

NRE2 = z("22-t*') ãp/ rry
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This theory is applied with a friction factor derived

from the shear forces on the waIl. The velocity distr"ibutions

for this wonk ane taken as a modified I/7 power law which

described the velocity profiles fnom both the outside and in-

side wall-s rel-ative to the maximum velocity. The fr^iction

factor used is f = 0,079 NRE-O'25, which when combined wittr

Reynolds t analogy yields equation 2 2I 
"

Of the formul-as pnesented in this chapten those of

Knudsen, Barnowu McAdams and V,leigand \,vene chosen to be used

as a comparison with this work" Barrows and McAdams approx-

imate one another over a much largen Reynolds number" range than
q

those encountered in this work which was,B x 10" to
q

1"4 x 10"0 The Knudsen and Vrleigand fonmulas are close but

not such a close appnoximation to one another as Baruow and

McAdams " The Knudsen and \,r/eigand f ormulas are also much

higher than the other two when the Nusselt number velrsus

Reynolds number is graPhed"



CHAPTER ?

HYDRODYNAM]C AIVD THERI'IAL BOUNDARY TAYER THEORY

l{ith the exception of section 2,/ the last chapter is
devoted to shoruing the equatÍons and methods put forward by

various authors to enable the overall heat transfer eoeffieient

to be ealeulated. A1l this work depended on the aeeurate

metering of pourer input with no other way of determining their
results.

Attempts have been made to analyse the flow i-n annuli.

One of these attempts is given in referenee 2, This t¡ork

develops from Navier Stokes equation in eyllndrical eo-

ordj-nates, The final result is an equation for the flow (G)

as a function of the inside and outside radiir pressure drop

and- dynamie viscosÍty" However, one of the few methods which

include both a thermal and hydrodynamie analysis is the method

Ínitiated by Brunello"

Although Brunellors work does not apoly to annular flow

it is described here sinee the method by whieh the heat trans-

fer eoefficlents have been ealeulated is basie 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 foree balanee on an elemental volume next to
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the heated surface " This theony includes the definitions
for. various hydrodynamic and thermal boundany layer thick-
nesses, incl-uded is the enthalpy thickness which is the

thenmal equivalent to kinetic enengy thickness in hyd::o-

dynamic boundary layer theory 
"

The wonk itself requires temperature and velocity
pnofiles to be taken at various points downstream from the

leading edge of the flat plate. The othen boundany layen

thicknesses ane found by ratios and gnaphical integnation.

This yields panameter.s which can be substituted into the

equation for the heat transfen coefficient or" the Stanton numben"

The plate used was the bottom of a rectangular duct

and roughened by a powder metallurgical process which l-eft a

pebbled but porous sunface which had to be sealed against air
flow from below" The temperature and velocity profiles \^relre

not taken simultaneously, with the velocity pnofiles being

taken when no heat was being applied to the. sunfaceo The

temperatune pnofiles r^rere taken by a pnobe consisting of one

cal-ibrated thenmocoupl-e o

In the development of the theor.y the authon obtained

equations for both the local and the mean overal1 heat

tnansfen coefficiento For some neason the loca1 .yalues ürere

not calculated, which was unfontunate and could easily have

been reponted since all- the parameter"s had been calculatedo
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Insteadu growth of the boundary layers is shown by the

change in the mean or overal-l heat transfer coefficient as

the noints at whieh the nnofil-es \^rere taken increased fromL¡¡ç t/v4¡. ev Y- -

the leading edge.

3. I THE RELATION BEï'¡IXEN T¡lE TOTAL APPLIED

A cylindrical- isothermal sunface of temperature t* around

which was flowing a penfect gas was considered. It was assumed

in the temperature range considered, that the specific heats

h/ere constant. Alsoo it was assumed that there uras no swirl

and that static pressure did not val:y normally to the surfaceu

In the diagrams A.ll and CD ane finite lengths equal to the

hydrociynamic boundary layen thickness at point A and C respectively.

These points are separated in the axial djrection by a unit

length dx. The control volume (clv) r^/as fonmed by the tu¡o sides

A, B, Ca D, and At, Bt, Ct, Dr o

The mean height of the hydno-

dynamic boundary layer along the

len¿th dx r¿as considened equal to
ç --.r , +r-^A ancl uf, the gas velocity at this

height.

Under non-steady state conditions the

variation (dË) of the total enengy

(E), which is the sum of the

internal and kinetic enengy of dV

at time e, r^ras equal to the change
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of wonk dW and

control volume

heat dQ in the

in a unit time dO"

AA.

The change

written:

2

| + cvt) purdrdq

cc'

in total energy with respect to time was

dE
dê dtlJ+dQ

The enengy tnansported by the fluid in the boundany rayeru

which in a unit time, crossed the sunface normal to the flow
at a distance r from the centre and having dimensions equal to
the dimensions of elementany height dr was

Taking into account the energy which enters the volume

dv by the surfaces AB and tsD, and leaves the sunface cD in a

unit time:
, r\^rFÅ ?

dE = dx t+ t' tÇ-+ c"t)p"'fu] dr
clx d rv¡

t
- (+ + cvt[¡ I_ clx

purdrd PJ

w

The integral limits can be changed fnom

to 0 and À since the integnal appnoaches zero

s o a o o o o o. e o o o o ô o o o o o 3.1

o o o o e o o o o o o o o 3" 2

and Pw +l

the limit

r
I

J
r

I^l

d.t
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approaches F$ro The upper limit is left at li since the

thermaL boundary layen thickness eras less than or, at mostu

equal to the hydrodynamic thickness since heating did not

start at the leading edge and the Prandtl numben was neanly

equal to 1.

There was no relative displacement of the fluid in

contact with the surface so that there was no wonk done by

the forces of friction applied on the surface AC" Similanly,

the velocity gnadíent was very small on the surface BD, and

so there was no wonk done by friction fonces on this

sunface " Finally, the only applied forces which are doing

any work ane the pressure for:ces on the sunfaces AB, CD, and

BD" If ¡rprr sras the pressure at a point a distance lr-rwl

fnom the sunface and p[ the pressure at distance Å u the sum

of the wonk done by the applied forces on the volume in a

unit time was written"

dW= dx Purdrdç - Purdrdg] oeoooeooo€ooeoo 3"3

The only quantity of heat dQ which entered the volume

dV was that which .crossed the botton through surface element

AC" If ó designates the flux density at the sunface:

,.PÁ ¿ rÅt6EJo
Â

cl
dx "o
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dQ = d.x r*of ö p

Since a- cerf eci gas \.ras assumed.

tt++P,,u"*F =Cpt

Taking an energy balance of the initial rel-ations and

using the expa-nsion of â, d-ifferential produet the following

/ ..2

¿ 
( ? * cpt) ¡o:urdr

was obtained:

t (a
ï,_=T, ldx1ÁI -'tÀI L --

d,2f"- ä" ( uI + cPtl) )¡urar
Jt,

rrl(o¡ 
åF* 

tn d!a) 
lf"rut) 

ooocooooooooó 3,Lf
uo

The equation for the conservation of energy i/,¡as wr:itten

for the flow at the upper linit of the boundary layer 
"

llt
¿- + ant¡ = CûNST"2 VYU¿

a( d'u¡ -r ato 9tr = o oco.c.oooo.occeoo.oo.coo 3.5- 
dX 

' vIJ 
dX 

\-/ o c o . c . o o o o . o c c e o o . o o . c

From the a.bove equation the last term of equation l-h equals

ry ã11 ta

For annular f 1or.¡ the upoer limit of the integration t¡¡as

left as A but equ:ti-on l-4 was further simplified to give
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T

--trr
[co
L

,-. Í
d. I

v^l

,\

'lÆ
T

\r'l

(t-tÁ ) ¡ourdr

j,d
r{vu^

\
^AI

Let Á^ = l!LJ lul,
.J
^

This v¡as con

annulus.

1d , ?<
Z ãx \fÁu" ^ 3

1,, Ã

L"p fu ( tw-t^

Finally, in the

to a eonstant,

^^t I Z¡\kl¿-/
2

.t
/,\)vTo.T )

¡/
c a o o o . c c o . . a Jo O

-211-ll-rz f \\ 7)\ il)(Æ ) or o....,...Qocco,, 3,7
u; *1¡I /.^

sidered the kj neti n ênêr¡ørr f,þigkns5s f or an

¡ ""' 3"9

for t6 andfÁ

=È c"fl .lox¿J

n^

. lq.t-t¡. r Æ-.lel À.. = lltl (. -) ( 
"ro 

)l/r/CÁ ) dr o..occ.o.cøo 3,8u2J^"uw-vA

This iuas eorìsidered the enthalpy thlckness for an annuluso

Equation 1.6 could. then be rewrltten

ÃY=-w

equal

I- ã7ï-wp

)n¡ u6 Ltz-

case of the annular a_Tea

o o c o.. o o o o o e o e o 3.10
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1.2 CALCULATION 0F THE_CONVECTIVE HEAI
TRANSFER COEFFICIENTS

'v'/hen a- body is immersed in a flolring fluide the fluld

is heated due to the d.issipation of energy in the boundary

I ever end assumes â. temperature t+ greater than the free

stream temperature t^, However, in this ease the tempera.ture-'o
nf tho hodv r^rp c ra1 ctirral rr Ìri olr cnÄ f ho yglgCities 1' elAtively\JI 9IIç UVqJ W@Ð r v¿f v¿v u4J !!rb¿¿ ur¡u

lor,¡ so that this friction heating was neglected'

The convective heat transfer coefficient ean be described

AS

h- e o o o o o e o o o e o o o c o o o 9 o o o ø o I ø c o e o . 3 . 11

Then by equating 3"10 and l.1I the follouing was obtained.

-ö^
----=l-tr-tÁ

n=cpP¿ -L 
L

| 'w-uÁ dtÇq- ãx

1ÐJqÐ-

-Ã
cp /9b\ (u¿ Á tr)

Gi rrì ns the results inv! v ¿¡rb

d
dx

(
l-- z\¡- \r'wÁèvzl 

'cooô.oocco.cc 3.!2

^/-l(u,rÀ^)l
¿)11

or

h- I d t"}ÁJ@ ffi'''--r ffi 
a J) ccoe

¿vþ \ tew- uÁ )

.:-, I

terms of the Stanton Number:

3.13
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NSr =.rrfo = d tå ("dÁtz)

d ,,,1 K \r oaeooe6aoo" 3"Ll+
2cp(rqr-rÁ) dx ."Ã "3, J

à à .2,t'
Then þ ("[Át2) and f;O ("Ã'Á¡) urere evaluated by

determining Áa^ and 4 from the temperatune and velocity
¿

profiJ-es taken at points along the length of the test

section and determining thein slope from a gnaph"

A uniform temperature distribution along the test

se'ction of the pipe fnom LI to L2 was assumed"

L2 ¿ ..? Ì.L2
Q = [ 

- Õ*dx = cppÁ u( ¡{tr-t{)Àt2 - f,þ ¡rl_ oeoqooegao" 3u15
'Ll "uP Ll

The mean flux density along the length Lr-Lt was

obtained as shown:

owm = -+ = cnodu{ [(t*-tÅ ¡ <þLz*Ð>
u2-'L P'¿l a -' w ò' LZ-LL

L dri.^ - Á.r, 
,ZCp Lz - Ll o ! e . o o ¡ q o o o s 3 

" 
16

Here Q = heat transfer per u-nit width.

The mean convective heat transfer coefficient was defined

AS:
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0 r,nn

tr-tÅ

and the 
:".n

NST :
m

Hence:

NST* =

Stanton numben bv:

lr,rr- Lrr"t
h^ = cppÁ'Á 

t

{a*L'22
Lz-Lt

Lz-Lt

Árt, - Árt, ILz-Lt 
J

o o o o o e s o 3 " 17

irr., -, l¡.y
ffi 

oooooooo 3"J8

Equations 3 
" 
17 and 3.18 are methods to obtain the

average heat transfer coefficient from thermal and

hydrodynamic boundary layer profiles while equation 3"Ì3

gives the loca1 heat tnansfen coefficient at any desined

point" Graphical- integration rather than numenical integ-
nation was used to evaluate the kinetic energy and enthatpy

thiekness 
"

%pÀ "Å

"ß



CHAPTER 4

DESCIìIPT ION OF-APPARATUS

In the previous chapter equations vrere developed so tha.t

the heat transfer coefficients coul-d be obtained from profiles

of the thermal a.nd hydrodynamic boundary layers" This

chapter is d.evoted to the description of the apparatu-s used

to obtain experimental results"

4"1 tHg trn suppl,y

The air supply rnias a two stage radial valle compressor

connected. through a fluid coupllng to a six eylinder Perkins

d.lese} engine, The diesel ran at a constant speed of 1100 rpm

with the compressor speed up to 10e000 rpm. The speed of the

compressor llas controll-ed by adjusting the oil leve1 in the

ftuid coupling"

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

radiator and into the surge tank shown in figure 3.

t+-2 THE OUTSIDE SECTION

The outside of the annular seetion ïIas a six and one

half foot length of six inch nominal diameter pipe as shown in

figure 3" 0n a horizontal plane through the central axis the

statie pressure taps were loeated" These taps were located

directly opposlte one another starting eight inehes from the
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FIGURE 2. TEST SECTIOI\j. }I END OF
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downstream end and in five inch incnements fon twentv inches.

This made ten pnessure taps which \^rere connected by rubber

tubing to a multibank inclined manometer. The manometen lvas

filled with silicone (S"G"=1) fluid and inclined at an angle

of appnoximately 45o so that one inch on the manometer equalled

0"725 inches of water" To ensulle that thene was no noughness

on the inside of the pressurae taps the inside of the holes

were ground slightly with a small- electric ¿ritt using dentists

bits 
"

In orden to all-ow the entrance of the pressu::e-temperatune

nrobe r'nto the annul-us a 3/16 x 22 inch slit was cut -in rhe tnnyL vvv "vLJ

of the outside section starting seven inches from the down-

stneam end" Before this slit was cut the two angle irons shown

in section BoBo of figune 3 were wel-ded in place, the entire

six foot six inch section was then clamped in position on the

beci of a milling machine and the sl-it mil-led. Aften the slit

had been cut the sides and top of the angle irons T¡rere milled

to give an accurate base for the pressure-tempenature probe

assembly" The inside of the slit was then finished with the

small el-ectnic dri1l mentioned previously.

The air seal around the sl-it was obtained by inserting ,

two 5 / B inch foam rubben tubes between the pipe and the angle
j-^-^ ^ +"-ht fit between these foam rubber tubes was ensured-L.L'LrJ¡Þo n LrËlf L IIL uçLwçç¡! L¡¡çÐç rvql¡t I

by inserting a piece of 3/L6 x I/2 x 22 inch metal st::apping

along the vertical leg of each angle irono
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iJith the erceotion of the :-ngle iron, the entirc cutsirle

of the .nile r..ias Lhen covered rvith tr,rro inches of fibergla.ss

insul:¡"tion. In order to na-ke an air seal at the ends of the

s-]-i.t, putty r,ras cacked- against the angle irons and built up

to neet the insulation. The putty was held in position by

an a.cihesive tape r¡¡hÍch is commercially used a.s an air sealu

The tr,¡o flanges \4rere welded on either end of the test
section to complete the fabrication of the outer seetion,

4. 1 TIIE TI{}IPERATIIRE-PRESSURE PROBE

The temperature-pressure orobe r,/as as shol¡n in Figure Ll.

The base of the probe vras fabricated of mild steel- with the

insÍde faces being machined and polished. Attached to this
base was a moclified set of calipers, The fixed jaw of these

calipers r^ras removed, drilled and tapped and used a.s a elamp

on the moving jaw, The exposed end of the calþers rlras then

brazed to the middle of the base,

The pressure seetion of the probe was made from number

eighteen teLlge stainl-ess steel hypod.ermie needle tubÍng, A

hole 0.O30 inches in diameter was drilled approximateLy L/4

inch frorn the end of the tubing and normal to the central

axis, To bloek the end of the tubing closest to the hole a

eleaning rod was ínserted in the tubing to a point just past

the hol-e and the remaining length filled with sifver soldero
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The filled end was then gnound down as much as possible, which

Ieft the centre of the hole 0"029 inches fnom the bottom of

the probe, this distance being measured on a microscope with

a vennien lense"

Since the readings r^rene desir.ed dinectly in velocity
pressure a static pressure tube was l-ed from the outside section

cLosest to whene the pnofile was being taken. The leads fnom

the total and static pressure wene connected to an inclined

manometer fi1led with ned meriam and reading to the neanest

"01 inches of watero

The temperatu::e section was made from .040 inch stain-
less steel puarded inon constantan wir.e which was used sinceb-'

it woul-d retain its shape after being bent. The thermocouple

beads were arc vlelded in an oxygen fnee atmosphene to ensune

a high quality"
The guanded thenmocouple wine was then sol-dened to the

pressure section and bent into the shape shown in figune 4o

The beads \^rere kept far enorrgh away from the pnessure section

so that they woul-d not effect the air flow around it. The

two thermocouples \^iene then connected in para1lel on the assum-

*+^'^* +L --+- +1^,¡tLrL,,rr LrÀeL urrê average temperature at these two points woul-d

equal the tenipenature at the pnessure probe. The emf readings

for these thermocouples \^rere taken on a pontable Cambnidge

potentiometer which nead to the neanest "001 millivolts,
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The central seetion of the annular a.Tea r,¡as macie up

of two separate oarts, the entrance length and the test see-

tion. The entrance length was common to all the test sections
. I ^rand was 40å inches long. This seetion was made of tt¡¡o ineh

nomj-nal diameter pipe cut to 2.3O inches O"D" The front of

the entrance length was centred by the support fla.nge shorrn

ln figure 3" The test sections T¡Iere conirected by the pin as

shown in figure 3 as well as spot welding for extra rigidity.
Anv irresul¡rities in the conneetion between these two sec-

tions was removed by profiling the joint lrrith a thin layer

of T-3 thermon cement"

Inside the test section three heaters llere loeated,

These consisted of ttuo eight inch I.5 KW heaters loca.ted at

elther end and one 4 KlrI heater l-ocated in the middle of the

test sectj-on, These heaters hrere shaped as shown ín figure

7s and forced agalnst the r,¡a.lls by a central support cylinder,

which r/\ras merely a piece of pipe cut to fit snugly inside the

heaters" Power was supplied to the heaters through wattmeters

as shown 1n figure 8e which metered the poÌ,rer to the guard

heaters e.s u¡el1 as the central test section, the current being

t.esrrl ated hv the three variacs"



D
E

T
A

.IL
 O

F
' H

E
A

T
E

R
S

S
E

C
T

IO
IT

S
,A

N
D

 E
N

T
R

A
N

C
Ë

 L
E

N
G

T
I.I

.

40
 3

/4
'o

t.+
6"

o.
0.

 I

LO
C

A
T

IA
üG

 S
H

A
F

T

B

S
E

C
T

IO
N

 A
-A

H
E

A
T

E
R

 S
T

T
P

P
qF

T
eY

Lt
N

D
E

R
 l

.¿
+

6'
-O

.0
.

:

IN
C

O
I.,

T
O

Y
 S

H
E

A
T

H
 H

E
A

T
E

R
 O

2?
'. 

O
.D

.

( 
hI

E
A

T
E

R
 S

U
P

F
O

R
T

 .
C

IL
N

D
E

R

H
E

A
T

E
R

S
 A

, 
O

F
F

 1
.5

 K
W

 IN
C

O
LO

Y

¡ 
oF

'F
 4

 K
W

 n
{C

O
LO

Y

F
rG

. 
N

O
. 
7 

.

sÉ
uf

to
N

 B
 - 

B

D
E

R
 U

S
E

D
 A

S
R

E
A

R
 L

O
ûA

T
I$

É
G

r{
oT

 s
H

ow
N

 )

S
H

E
A

T
H

 I
I5

 V
.

S
H

E
A

T
H

 2
08

V
.

B
R

A
Z

E
D

 K
) 

P
O

R
C

E
I-

A
N

C
O

V
E

R
E

D
 E

X
T

E
N

S
IO

N

W
IR

E
 L

E
A

D
S

B
'u

 L
oN

G

eo
" 

ur
uo

S
C

A
LE

 z
 ll

2"
=

 l"



J6

SEHEMAT|E DIAGRAM
OF

, HEATER CIRCUITS

ilsV 2æV
INPUTINPUT

t.5 K.W.

!{EATERS

swtrcH

o
Y ETEF

f.1.??
-Jtr
$MMr
Ë]
+J

\i;
\À

TTE,.q

(w.
úTER

tÂl
MAIru HEÊðT,ER

FtG. N0. g'



4"5 THE TEST SECTIONS

In attempting to obtain a random roughness for the test

sections several methods Ì,rere considered. One of these was

to cause grain growth and carbon precipitation on the cylinder

and dispose of the inter"-gnain matenial by etching. fn onden

to find the appnoximate order of grain size that could be

obtai¡red samples of stainl-ess steel were prepaned and heat

tneated 
"

Six samples hrene cut fr.om availabl-e 304 stainless steel-

stock and lette::ed A to F. All the samples hlere polished befone

heat tneatment, and then given a light polish aften. Samples

A and B were heated in the funnace at 1300oF for a peniod of

fifty minutes " The samples were then etched by sulphuric acid

and observed unde:: the microscope" Thene was very little on no

grain gnowth in these two samples with some of the carbide

precipitating, and the rest remaining in the gnains as nodules.

Sample C was heated in the funnace at a temperatune of

1600oF fon one hour, then etched as before and obsenved unden

the microscopeo A very definite increase in grain size was noted,

this beins from a value of less than 0"001 inches to around

0"002 inches. Most of the carbon had precipitated but some

carbon nodufes remained in the grain"
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FIGURE o. BOI'TD BETI,''IEEN PIPE Al'{D STAINLESS
srEEt_lx_6é_)
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Sr:rrl.ls,D,e.ncl l.Ì r,,.¡ei:e both Ìreat treatecl- at a- temrlerc.ture

of 16OO"f¡, sample D was in the f urna.ce for r. r:el:iod of 3

hoLrrs, and sample C for four, Another definite lncrease Ì'¡as

noted- in the grain size with sam.ole D having a grain size of

0.003 Ínches and sample E a grain size of O.0O+ inches, In

these tt¡¡o samples most of the carbon had precipitated to the

grain bound.'r.r'ies ancl it did not apÐear that grain sizes of the

desired magnitude could be obtained r¡ithout considerable d.if-
finrr'itrr snrl ê--xpense.

For these reesons any a-ttempts to obtain a surface

roughness by grain growth \ÁIere abandoned in favour of metalAiz-

ing the surface with stainl-ess 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 netallizing it with the stainless steel,
The inelusions or air pockets through the stainless steel
probably come from the method of applícation"

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 impossibl-e to deposit a uniform

thickness on all parts of the pipe and haC a very poor bond
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l^rhich r,rould fail und.er the slightest mechanical loading"

Four test sections were Ðrepared, two by the metall-iz-

ing method ancl, two by machine roughening" 0f the two stain-
less steel coated. tubes one Ì,ras l-eft in the rough state and the

other v¡as 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 pltch

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

eonsidered the mean d.iameter of the rough onesu

The surface roughness of all- the tubes was measured by

Brüel and Kjoer surface roughness equipment using a diamond

stylus r¡¡hich had a lO0 microinch raCiuse the stylus being cali-
brated against a standa.rd roughness supplied i^¡ith the equip-

ment. The height of this standard sample roughness r¡ras 0.001

inehes, peak to base. This distanee was set equal to one lneh

of tra.vel on the Honeyrrell vísicorder v¡hich was used to record

tho rnrr øhnaccUllç I vU6r[rçJD O

Figures l-0r11r12e13 and 14 show the traces obtained for
the four tubes as i\rell as a trace of ihe standard sample and

60 eycle pickup, The trace for the knurled tube is not

eonsldered to be representative of the surfaee roì-lghness since

the stylus did not move over the peaks of the knurling but

stayed in the grooves nicking up the threaded roughness that
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had been placed on the surface prior to knu::Iingo These

traces vrere not used in the calculations but are used as a

qualitative analysis of the four surfaces tested. The meten

on the grû"ef and Kjoen equipment reads the arithmetic mean

of the roughness and this was used fon the roughness par.ameter

oel 
o

All- of the test sections had 18 holes dr.ilIed in them

as shown in figure 15, this Tdas to al-low for the positioning

of thermocouple beads on the surface. The thermo couples r^/ene

made of inon and constantan being secured in position in these

holes by T-3 thermon cement" This cement was chosen since it

had a therma] conductivity of appr"oximately 25 Btu/hr.ftooFn e

which approximates the thenmal conductivity of the tube. All

the thermocouples wene led out of the downstream end of the

test section aften they came thnough the centnal support

cylinden which had holes drilled in it to match those in the

test section.

The thermocoupl-e beads vrere al-l- anc \,Ielded in an oil

^ñ mônnttnr¡ ïr¡flr ,rei-^ - rrn'lLr.r¿ r's!'uurJ -oih usl-ng a voltage of 40 volts" The beads wene

then inspected under a three dimensional micr^oscope to check

for any flat^¡s on poor connections o The insulation on these

wi:res had a design limit of 900oF but could not be used twice

since the insul-ation became very weak after a senies of tests

and could not be laid in the next section without
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being striotedr r.^/hich meant that new thermocouples had to be

made for every test section. The outpu_t from these thermo-

couples was recorded on a Leads and Northrup T6 point record.er,
the thermocoupl-es from the guard heaters being paralleled before
being conneeted to the reeordero Referrlng to figure ll thermo-

couples nonl and 2 were Ín para1le1, slmilarly 3 and 4r 15 and

L6, 17 a¡d 18.

)+.6 ASSE}4BLY AND TEST PROCEDURE

Idhen the equipment had been assembled as shown in fieure
7, initial tests and checks Ì¡rere made on the equipment, The

ú point recorder was catibrated by use of the potentiometer

so that offset was reduced to a minimum and oscillation of the
self balancing com.oonents reduced to approxlmately one second.

The temperature part of the probe was cheeked against the heat

input recorded on the wattmeters as is shown in appendix 1,

The pressure oart of the probe was checked against air flor^¡ 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 seetion of the probe was then inserted
through one of the static pressure hol_es and rotated, neither
of these tests detected any swirl in the system" However, to
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lleduce chances of swirl- occurring, a flow straightener was

added to the section in front of the annulus. This straight-

ener v/as made from one inch nominal diameter funniture tubing

and secuned in position by a rubber ring"

VJhen a test was to be run the engine was started and

brought up to operating temperature with the comPressor

nunning at its slowest speedo 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 figune 3. The

air flow was measu::ed aften the reducing section by means of a

pitot tnaverse on the end of the 3 inch nominal diameter piPe 
"

The temperatune of the test sections and both guand

heaters r^/ere contnolled by means of the variacs with the temp-

erature of the guard heaters neanest the test section being

adjusted so that it was just equal to or slightly higher than

the tempenatur"e of the test section as shown in figure 16, whÍch

gives a typical profile obtained along the entine length of

the test specimen" The poÌ¡rerLo these heatens $Ias turned on

only aften the flow had nearly stabil-ized, complete stabilization

of fl-ow and temperature requiring approximately one. hour.

The Reynolds numben range was kept high so that the

effect of the outen waIl on the inside hydnodynamic boundany

laver would be small" The size of the lowest Reynolds numben
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to be used was found by running several tests on the smooth

stainl-ess steel- coated tube until- the velocity profile was

of a satisfactony shape. The upper value of Reynolds number

hras dictated only by the capacity of the ain supply. This

gave a Reynolds numben range of from '8x105 to l-"4x105.

Each tube was tested at four Re¡znolds numbers in the

range given above and two tempenatures 2500 and 350oF. A

complete test consisted of taking five tempenature and pressure

profiles along the test section u reading the wattmeters, the

static pnessure in the sectiono the inclined manometer, and a

velocity profile at the end of the thnee inch section. This

procedure \^ras completed fon each temperature and Reynolds

number which made a total of eight tests on each section.

The velocity-temperature pnofiles \^Iere taken fnom as close as

possible to the inside tube (0.029 inches) to 30 n¡rns fnom

this waII" The profiles \^rere initially taken in millimeters

since the inch scale did not have a ve:rníen" The barometric

pnessure was not taken for each test but periodically duning

the time a senies of tests wene being runo
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CHAPTER 5

RESULTS AND CONCLUSTONS

In chapten two and three semi-empirícal_ and some

theoretical equations are stated" The following chapter is
the companison of these equations with the expe::imental nesults

and the rating of the tubes on a heat transfer versus por¡ren

consumption basis by Reynoldst analogy. The comparison of the

experimental and published. data is then followed by the con-

clusions that wene drawn from these tests"

5 " ]- EXPERTMENTAL RESULTS

Refenring to figune 16 the tempenature pnofile over the

complete test section was as predicted" The ¡.ise in temperatune

towands the downstream end of the section was due to the drop

in temperature between the air" and the test specimen causing a

reduced heat tnansfen r"ate " The temperatune rise of the test
specimen was considened sma1l enough to be neglected and the

mean of the thenmocouple readings \^7as considened the mean

tempenature of the test section"

Figune 17 repr"esents a typical- velocity pressure pnofile
obtained in the annular sectiono As p::edicted the maximum

velocity did not occur at the centerline but was offset
towards the inner pipe e approximately 4 millimetens u in the



5u

profile shol¡n" This off set va.ried from tube to tube but

the basie shape of the profile remained constant, The tempera-

ture orofile sh,own in figure 18 is slmilar in shape to eurves

in the published material for heat transfer from a surface to
a ffuid, Figure 19 is a curve of the statie pressure taken

from the inelined manometer the uniform slope belng expected

since there ïras nothing in the annul-us to cause discon-
tinulties 

"

The general shape of the kinetie energy and enthalpy
profiles is shown in figures 20 and 21, The kinetic energy

eurves 'hrere drawn to ze?o from the l_owest poÍnt taken in the
profile since the (*, ) term in the produet drops to zero whileu^

the other two ratios approach orrê. The same was true of the

enthalpy profiles although not quite so noticable, By referr-
ing to figures 17 and l-B the eurves approaeh zero at approx-

innately the same rate with the temperature ratio being dominant
rrnti't +ho L ratio becomes smal1 enough to cause the reversal""" UÁ 

p err¡a¿¿ çrrvu6ll uv \-cL(¿Þv ur¿v

of the eurveo

The increase in area enelosed by the kinetie energy

profile r¡ras relatively smal-l as the distanee increased from

the leading edge of the test section while the enthalpy growth

r^ras considerably larger as ean be seen by eomparing the ehange

in the areas enelosed by this cu.rve, The hydrodynamic boundary

layer was alnost a constant thiekness over the test seetion as
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can be seen by comparing the points of maximum.Ðressure in
table II of Appendix fII, This relatÍvely smalt change in
the hydrodynamle boundary layer thÍckness aeeounts for the small
ehanges in the kinetle energy thickness, Figure 32 of Appen-
dix ï shows the change in the thermal boundary layer over the
test section, this accounts armost entirely for the chanEe in
enthalpy thickness along the tube

The kinetic energy thicknesses ïrere multiplieo by u]
and enthalpy thicknesses by uÁ and eurves similar to that shown

in figure 22 hrere obtained" The small slope of tne u] Á. eurve
again emphasizes the 'elatively stable hydrod.ynamic tounolry
layer since l-arEe ehaneês r,reefd be ind.icated due to the uf term.

Figures 23e2+?zj and 26 show the cu.rves for the heat
transfer coefficients obtained for each tube, The three heat
transfer eoefficients llere cal-culeted from the Þo.rüsrinput and
the boundary layer profiles, The boundary layer profiles were
used to caleul-ate the loeal (L) and the average (M) coeffic_
ients from equatÍons 3,13 and 3,18 respectively. rt may be
noted that the term rraverage coefficientrr d.escribes the co-
efficlent that is applicable to the norking rength and is found
by integrating the area under the curve ot(,

T2 vs rxr " The

other value for the coefficient came directly from the heat
balanee" The values obtained from the heat balance were used
for comparison with pubrlshed data si-nce they were considered
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the most accnra.te d,ue to the sma.ll-er error in reacLings caused

by meastrsing rì- ]-arge:: temoerature difference, and the overall
accuraey of the heat balance as shov¡n in Ap,cendix f n Sample

calculations of these three heat transfer eoeffieients are

shown 1n Aopendix ffl"
Figure 24 is the only graph l¡here the truo lines obtained

from the boundary la.yer orofiles did not coincide. Ex.oerimental

error i^ras suspected as the cause f or the two low values of
NNU evident for eurve M in thls figure. The tests represented

by these values h¡ere run out of sequence. Although reproduc-

lbility iras checked at frequent intervals these points were

not re-run and an error in ma"nometer readings of the profile
probe would have accounted for the low values,

A close examination of figures 23 and 24 indieate that
there was no measurable difference between the respective v,llues

of the Nussel-t numbers, Therefore the contact resistance

between the spray-welded stainfess steel coating and- the tube

Irras negligible compared to deviations encountered in conveetive

heat transfer data. Thus the inclusions in the bon¿ betrn¡een

the coating and the tube as shown in the photographs had an

insignificant effect on the heat transfer.

Figur e 25 shows the values of NNU obtained for the

stainless steel coated rough tube. Al-though there was some

increase in heat transfer from this surface when eompared with
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the smooth tLrbes it r,¡as not signif i.cr.nt. This indics.tes that
the ra.ndom roughness v¡as not thick enough to oenetr.a.te bhe

laminar sublayer and cause increased. turbulence so that this
height of roughness \^ras lneffective,

For the knur'l ed tube in fi gure 26 the trnro lines could

have been brought closer together if the actual area of the

knurled surface was used rather than the area obtalneri bv usins

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 fe"ct that

there appears to be an increase in the NNU (P) in figure 26

coul-d ha-ve been partlally due to this íncrease in area, since

the Nusselt numbers calculated from the boundary layer pro-
,lfiles (Lf M) 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
plaee by this particular type of roughness" If the heat trans-
fer eoefficients i^rere redueed the increase in surface area

must have been large enough to offset this reduetion and shoT¡/

a gain in the heat flow"

Figure 27 shows the frietion factors that r¡rere obtained

for each tube versu.s the NRE" The cu.rves are all above those

predieted 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 knunl-ed tube being highest"

Figure 28 gives a comparison of the :results obtained

in these tests and published data whil-e figure 29 gives these

same results but shows the relative roughness obtained for

each tubeo Barrowts equation is afso shown on this gnaph

with:25eo limits on either side to show the agreement of the

resul-ts with this for"mula" The slope of the experimental

results is closen to McAdams 0"8 than the 0.75 pnedicted by

Banrowis equation but well- within the 25eo limits, The nesults

in this figure show an increase in heat tr.ansfe:: as the rough-

ness increases " The nough and smooth rnetallized tubes do

contnadict this statement but they are very close together and

expenimental- eruor coul-d account for this disagneement.

Figure 30 is a companison of Reynolds I analogy to the

foun tubes and Barrowts 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 transfero It is generally

conceded that an increase in heat tnansfer by roughening the

sur.face is obtained at the expense of increasing the po\^ier

consumption. Howevero if the cunve for the knunled tube

in figune 30 is consider"ed it can be seen that incneased heat

transfer was obtained by veny little incnease in power consump-
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tion so that the knunled tube is as effective a heat transfen

su::face as the smooth stainless steel tube. The smooth

stainless steel and the knunled tube both veny closely appnox-

imate Reynoldsr analogy witn slopes very cLose to Banrowts

equation" The machined smooth and the rough stainl-ess steel

have a lange deviation fnom the othen two at the l-owest Rey-

nolds number but all are close at the upper limit. Again

expenimental error is the only neáson which could account fon

this deviation particularly fon the machined smooth tube o

Figure 31 shows the appnoximation of the tubes to

Bar::owt s fonmula as taken from figune 30 and are given only as

a companison"

The results for the 350oF tests are not shown since

thene hias very little variation of these with the values obtained

at the 250oF test nuns" The deviation between the heat trans-

fen coefficients is shown in tabl-e f which was taken fnom a

test on the knurl-ed tube 20 inches from the leading edge of

the test section"

TABLE I

COMPARTSON OF 2sOOF AND 3sOOF TESTS

h '1 emÞenature
ZSIJ 35U

leat balance
iqn" 3.13 Local
lqn" 3"IB Avg.

B 
" 

2 B 7 
" 

B:
7,76 7.0€
7 "r7 7 ,I't
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5"2 CONCLUSTONS

The existing theony fon the effect of noughness on the

fluid friction and the heat transfer in an annulus has been

reviewed and applicable equations developed from flat plate

theony" It was found that this theony predicts the heat

tnansf er coeff icients f or all but the knunl-ed tube within 25eo,

The values for the knur'led tube can be brought into line by

applying an area connection calculated in Appendix IV. The

values obtained by the boundany layer pnofile aPPear to be

systematically low but a check of the theony and calculations

produced no obvious ernon" The only assumption made in the

theony that was of maj or concern \^7as the neglecting of the

heating effects caused by fniction" There will be some heating

but in the velocity nange, which was from 50 to B0 ft' per

second¡ Do major eruon \¡Ias inherent in this assumption.

This method of analysis does on the other hand give a

gneater insight into the effects of roughness on both the

hydrodynamic and thenmal boundary layers " The profile method

could be used for a qualitative analysis of a heat transfe:r

surface as to the effects of discontinuities of the surface

on the boundary layers 
"

The relatively low roughness

had no appanent effects on the heat

from the heat balance or pnofiles 
"

on the stainless steel tube

transfe:: rate either

This seems to indicate this
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roughness did not disturb the hyd-rodynamic profile a.nd that

the la.minar sublayer tuas thicker than the base to oeak

height of the roughness,

The knurled tube did have an effect on the boundary

layers such that the heat transfer coefficients obtained from

the orof iles i/¡ere reduced. For this to happen this ty_oe of

roughness must have held the laminar sublayer in place and

in fact thickened it,
The actual effects of the roughness height e.nd shape

on the lamj-nar sublayer thickness could be better investiga.ted

hv rearJinss taken to withln two or three thousands of an inch

of the surfaee, The sublayer thickness for this Reynoldn

number range hras 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 takeno

Final1y,

1. Although the heat transfer coefficients
obtained from the kinetic energy axd enthalpy thieknesses are

bel-ow those obtalned from a heat bal-anee they give a quall-

tative analysis of the effects of roughness on these coeffic-
ients.

2u A study should be eÐ.TTied out r^/nich inves-

tigates the hydrodynamic and thermal boundary layers very close

to the heat transfer surface over a wider range of e/D, Thls
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shoul-ci be done r,¡ii;h the l¡oss.rb,ility in mind- of bui_l,cing up a
,Î.,r"rl:i-l-y o.í' cn-',tves :io::' r¡r r¡ior)-s y'¡.1ures of e/D to be r_:_secl to cal--

ctrl.lte hcat transfer coefficients.

3. An inrrs5¡i*ation should also be carried out

to determine the effects of the actual shape or type of the

lrrojections to evaluate air f lol¡ catterns around. them"
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APPEI\TDIX I

TIEAT BALANCE CAICUTATIONS

In order to calculate a heat bal_anee the fl-ow cross

seetion was divlded into eight equal areas as shown in the

diagram belown This made the cross-seetional area

equal to 3.11 squ.are inches. 
r

The average velocity and the temperature rise T¡ras found

in each seetion by means of the velocity pressure and tempera-

ture profiles shown in figures 32 and 33,

rn findlng the temperature rise in these areas, particu-
larly l and 2, the temperature'hras taken at the point where

the eross-hatched areas ln figure 32 are equal, These sampler

caleulatlons were done for'the tnùi;ro¿ tube with uncorrected
surface ar'êä"
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il:ea I o

Ternnerature = lO2oF =

Sta.tic Pressu.re =

Barometric Pressu.re =

Total =

rL Ro ¡¡ 't)+L
Density = þ{æ- )r'l x 562

\Icl oe i tv or essure =v v¿vv ¿ v/

l6zon
1 t| ff,^I rrÈ; o

29" 33tt HB"

30'33ttHg. = 14,89 Psia'

= 0n0716 lbs
cu" f t.

.545" HzO

H* " 5o'5ux36oo
-L'1.'1'

/^Ì^Jc-a L
TJ

(m - rQOr.
AL J(J !'c

2B1xO.2+xlB=I2I5 Btu
Lrpt¡¿ o

3L2 Lhs/hr "
)' Ot.

^a^ -- ^ 
¡)' -- )'

3L¿ L U"¿Ï ¡- -f - 299 Bta/hx "

l^lê'r ctn1'. H lô't¡Ii¡\,*t)..

Temperatur e

= 314 lbs/hr.

Rise = .5oT

= 38 etu/rrr,

r-- I rl'r
T

vet-. = lB,3 ,l ,E = 18.3 / #U = 2.76 x l-8.3 = 5o.5r *."
= /OLU
= "O7L6 x

=281H

Area 2,

Area 3"

l^ieight floi^¡

T¡iai oht l''ì or^r =
(^

.AI

V
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;\r ea 4.

l1l \: d. ,) ø

Area 6,

Area 7,

Area B"

t.a = 3'/ \JT'V/ rJl

a=36 Btu/hr .

Btu,/hr.

a = 31 Btu,/hr,

A = 26 Bt:u/hr "

Total Heat to Air Flow 'l ,ll A Þtrr /trrr
-L( -Lv DVVþLLL

Radia.tion

QR

Loss es,

= €t 42 d TZ_t

C i n c'i Äa trrha-1

{rr4-rr4)

= 0"30 E

T

= emissivity

= onul4xlo-B 
f;For.ô, outside tube = 0.74

T1 = 56oon

TZ = ZIOoR

L. L'- I(Tr--Tr-) = l56,lx1o"

Assuming the or:tside surfaee

equal to unitY:

as a blaek bodY and Fr'-t



n1

a = oo3o x ,LZL+ x L56"L = B0 Btu/hr-sq'ft'

n = 2'3o T,,Tf * 20 = 1 sq,ft"å 1++

Totat ï{eat rransrered = L7L6 + Bo = 1796 *ti
= !28 watts,

Power measured to central Heater = 52O watt's.

Error =å = I.116
)¿v

The B watts which constitute the error could originate

with the assumption that the outside cylinder was a blaek

body" The po\^rer metering equipment to the central heater

was then assumed. accurate enough for use in calculating the

heat transfer coeffÍcients.



APPEI,IDIX II

CALCULATION OF FRICTION FACTOR FRO}f FANI{]NG
ESUATION

o - ZeroÁP r De r r Dlf =-ffi \ L./ \ Do=)

These calculations are for test no"l2 whieh was on

the machined smooth pipe r,¡ith a NRE = 981300.

Áft on manometen = O.O9 inches"

Conversion factor for m4nometsn = 0,721 ín,HrO/in,Manu

Áp over 20 inches, = 0.09x0,725x5"2=0"339 psf.

Statie pressure = OoBSttHg"

Barometric Pressure ' 29.l.ztt Hg

Absolute Press, insid.e section - 29"97"Hg" = I\'.72 psia.

Mean flow temperature = BooF. = 54ooR,

.f,\ - 1l+.72x1lrL' , lbsf = ffifi; = o'o737 cu.rt.
G from profile at outlet of 3 inch pipe.

Average vel-ocity = average of LB.3 Æ = 183 ftlsec"
'tJ /-

Outlet Temperature = B2o¡'

f )¿ 2v1)ìr 'l h cOutlet density = = 0.O7L3 .*m



APPili.'IDIX III

These ealcutatlons are for the same test as ln Appendlx

ïI,
The temperature and pressure proflles were taken as shown

1n tables 2 and 3, Eaeh proflle was then analyzed and' calcu-

latlons completed. to glve tables \1516rl and' B. These results

were then graphed as shown 1n flgures 20 and 21" The area

of eaeh of these curves was measured wtth a planlmeter wlth

the areas as shown on the above flgures. These areas nust be

multlplled by a sc'ale faetor of O'Ott *åffi" to glve the

klnetle energy or enthalpy thicknes="." In the ealeulatlons

the last term ln equatlons 3"18 and l'13 were neglected for

the reason shown below,

From Eqn,3"18 the last term 1s¡

r\
(À312 - a3tL)

.¿u¡

Cp = 0"024

P/= o,oTW

t8 = 1"198

2 Cp (t*-t6)

Btu/lb oF'

þÍV' = ZUoF

t* = 6.47L lff = 2r2op
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IIELOCTTI F]ìES;URE PROFTMS

OUTIET VEI,OCTTY PRESSURE TR,OFIIE

TABIE ÏÏÏ

TEMFEBATURE FROFÏIES
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NR

Area ratio bett¡een annulus

Area 3 inch pipe

Area of annulus

cnÁ ? inah nino.?.r¡u J lrlvL¡ ¡r¿rvv9

= O,O5L2 sq"ft,

= o.I73 sq.ft'

aa/v. ¿Yoratio = ffi
= 183 x 3600 x O. O7L3 x 0.2)$ = 13e904 IUÞ

Fhv,

2 1r onlt tG-=('iåðõ-)'=r)"92

Di
Do

De
L

_ 4.?A
6.Og =ôfRfvôJvJ

= þ.o2=2.?o = o.rBB

o " ooTB



CAICUL¡TIONS FOR T(INBTIC ENT,!,GY ,A.ND ENTH1.'LPY PROFTLE

TABIE IV

DTSTANCB FROM IEADÏNG EDGE OF TEST SCTÏON = 20 TNCHES

*- Iw ,-ô

TABIE V

DISI'ANCE FROM IEADÏNG EDGE OF TEST SCTION = 17 INCTES
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,52
I r',

o4(
,l

o4L

1.1

^t7
^l

r,o25
r,o62
LoUJI
1 1)A
r.r9t+

L.532
1.701

n )'74

c )ó1
?.12

ôìl
¿ <LL

'ì 
^?

Õ1n

3.l-60
2,rgo
¿"v4)
L,902
'l 7'l a
L.l+l+3
r"zgt
I"228

LcYO¿
aa2
Ê,. Ã

.70h

,245
ÔO?
ô?/-i

e ) l¿
.188
" -LOU

,r3l+
ôoo

,ol+6
OUIO
.006

.381+ | .62
,t+66 | ,531+
,531+ | .466
.589 | .I+IL
,67r | "329,822 i ,L78
.918 i ,082
.986 i .o1l+

1"000 | "000
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CAICULATTONS FOR K]I{ETIC ENERGY AND ENTHALPY PROFIIE

TABIE VI

DTSTANCE FROM ],EADING EDM OF TEST .SCTION = T5 TNCHES

TABIE VÏÏ

DISTANCE FR0M LEADING EDGE 0F TEST SOTION = 10 ÏNCHES

.l+Il+
LO'7

E7A

"63t+
,7]-7
,855
.952
.993

TABIE VIT1

DISIANCE FROM IEADING EDGE OT' TEST ffiCTTON = O INQFDS

4 lt-t6\Tljç-t6)
ÇP L6 /R\

\¡sol

1??

.I22
'l ôo

,o95
.Obl+
.018
.005

0
1
2

3
5

10
th
20
¿1

.6h6
,20/4
,71+8
.790

4.1,2

,9L5
oÁa

"997
000

,61n3
Ê/ô Ã
,l A-t

,loA

il.ncv+l

o)1
anAa /tv

.9q7
1.000

000

0
1
2
3

10
L5
¿v
2

ø 117
t(a
1)A

,104
"071
"026
,008
ôvv¿

"184

oU (.

oU))

"oI2
.oo3

000 000

glt-r-tllå\
u¿L \"oJ )i e" i

?Ê(
o)[ (

"359
.331+
,293
.203

Õ1 )

2.825
2.222
) Õq1

T,hgz
t")o¿
L"3T2

Lo)¿O

n,7 )
.o4v
o 4tto

.vot
rìl ?

I.O25
r.o62
!.o92-t tzA
L,L94
1 ?Á?

1" 201

"386 | Z.7t*5 r"445
ò ó11

.51+o

"Aa

"ol+3
^l 

1

.377 | 2,l,22
,35O I t"g6t
,328 | 1.840
,296 | r.669
,183 | L.t+33
.o72 | I,3t+3

"oI2 | 1"311

I.A25
1,062
1_.092
1 194
I,T9h
L,363
r.532
ì ?rì1

o
1
2

10
L5
<v
¿")

,685
;747
7ÊÊ

.820
AA,7

"91+l+
aA.2

,997
1.000

el+69
,558
"620
,673
.752
Êol

,96h
.993

1"000

.53r

.l+l+2
,380
.327
.21ß
.109

^1.4
.007

0"000

1,.o25
1,o62
r.og2
I.T26
1.194

1.701
1^ 870

?q]
2)r7
<tl/

,257
Ir^

c I¿*W

"O5l+
"oL2
"000

) AAA

r,857
t,695
1" 580
1.hh6
r"330
L.3L2
I ?ôO
I ?ôO

I ÃÃl
Ãr, â

"27l-12r7
oL) I

.o2r
"003
.000

,300
"auo

^ry 
Ë.

"027
.004
"001
.000
^oo0

"2LTnÊr.

c UOl.¡

.048

.028
,005
.002
.000



ö.t
I

ln
-' 1C"( 10 .r
- ! 

-r:- 
rt-r o J; z¡lI i"x

¿/ ¿¿ I \)
= 

hfa Þ\tsì
./va,/) naa

Á3i,2 =

Á 3r,r =

Above term

First Term

Atzrz =

Áter,t =

Above term

4.31 x O.O4 inches = .L724 inches.

3,39 x O.O)+ inches = .L356 inches

= 16 r<1{q9 z15=t97Ç9 = == = 2.TixLo-6- TxC . 2\xL7 Bx7 7 Bx32 . 2x2O

in eqn. 3.18.

t/A.tz],z 
^ 

t2L1

-Ã-

1.Lr3xO"04 = ,0572

o"l+9xo"ol+ = ,0196

naryÃ - --^^ - ôô -^-ì=%=.OO1BB = 1"BBx10r

The l_ast term was then considered of lnsufficient

magnitude to be considered in the equation.
.ì

From 3.18 NST* = lo$BxlO-r

h* = 1. BBxl-O-3xo. 24x56 " 55xo,o745x36oo
u^l

= b"ö+ IJtuEr=E

Neglectlng the l-ast term

the slope of the line in figure

in
1¿

equation 3"13 and since

was straight the local heat
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tranSfer coefficient r^raS constant,
.l

slope = "113 ftt/""".

,FÁ= o,o7+5 lbs,/cu.ft"

Loeal h =u 113x36ooxo,o745xo.24=

Taklng the poï¡er input = Lr43 watts

surface area = æfrffi = 1 sq'ftu

f = r7B oF.

ld+f ..f )+f fh = --7ff: =
8.64 Btu

7.27 Btu
ñFITEZTF 

"

Stanton Number.
n

-

¡r v¿ - ct'r G
.È/

hr.T't-;füF'

o.oo259

Vüith f from Appendix II

H= ffi =0.66

Nusselt Nunber,

Beynolds Number =

Prandtl Number =
(from tables)

This nrocêss IiIaS reoeated for eaeh test,

R Á).rr¡? r7O
vav ¡¿, )c I / _iã o.õE

DeG = =J*Éeïlll99þ ===< = ggr3co
.), 3600x12xL"24xLO- )

ry -- o.To5

= hD-g. -k L79



APPEì,{DIX IV

CATCULATION OF T}ffi TRUE SURFACE AREA OF THE
KNURLED TUBE

Analysis of the knurling"

Dimensions hrere made on a microscope

ruith a magnificatlon of 5O and a

vernier scale on one lense

1| m,m. = O.059 inches"

SIDE ELEVAT]ON

Hai øht = ft ôô7 innhoqv v o vv /

.O59 inches = å base length"

Length between large angles in plan view"

Area

Area

X
rl arÃo

À ho.'o¿ v'rw e

l-^^^IJ1ù Y

of

of

sin lOo = '5
x = O,O2B inches

2N = O"O59 inches

= O,O2B x O.O59 = Oo001612 sq.in.

0.003304 sq.in.

104 pyromids ,per square inch.

DIAI{O}TD

() 
"OO7 inches

0.028 inches
rTT-,'/"0 +C

l^r 
^2O 

i nnh ac
v a vL / LtteLLe¿

SURFACE ÂÞtrrA nE' !l^r1Êå!ì,14 
Y\t 

unvrr

/i\/i\/o-l/_.-_t-
\i,i
À l.,i

\,,

't-

c=

a=
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Area of I face of Pyramid = å x

Area of oyz'amid = OoO03B4 sq.in.

Surfae e area Ðer square inch of

f Lpe=1JA-re

= O "066 inche s '
O "O66xo "29 = Oo 00096 sq. in"

f lat surface = L"L67 sq'inches.

AI{ALYSIS OF THREADS

18 thread-s oer inch 0.014 inches i'¡ide
0.02O j-nche s deeP

Diameter = 2.29 inches

Area of Iateral face of

= Oo2O x7Z'x 2.29 x 2

Over length of tube = 0o

T ¡n ol.l¡ 1 af i ttnthf eaded =uçr¿6 ur! !vr v ql

groove þer revolution

= O"29 sq"in.

29xLBx2O = 104 sQ"

r-(l8xo'01+)=o'75

ln

ìn
¿I¡

l 7-ì

Unthreaded surface = L5 "O inches

Smooth surface area = lOB sq.in.

Knurled = lO8xl.L67 = L26 sq.in.

Surfaee Area of Thread Base = 39 sq"in.

Total surface area = 104+126+39 = 269 sq.in.

Area of knurled and thireaded tube = 1.87 sq"ft'



APP'ii"iDIX V

CALCULATI0N 0F ARITHI'ftlTIC l4EAi{ ROUGlli'IESS F0R.
KÌ\TIIlLtiD TIIBE

Len sth o fl ha se lv I from Aooenclix IV.
14

., 1

., ' 'c07
/.õy = J "oígt-'o2ï¿

1.0t4 | v -þ_"1 2y =

hmetic mean roughness =

r\-_llltrË I lvl dLul
JÔ

å- of trianEle lyi = U¿"-a/ /-
r¿^

.,,)/n

*l # L¿l')¿ | ')¿

,"o ¡ 2 .52J- lll- \ | = ? (
-n2 

t2 t I Jo'/)¿'o

^ ^q),10+
ÃI f,U

Y-

Elnp

=

tdL

thou"

e for
e for

ê
õ"

second half of triangle = 3.5 thou
1 ôvf\threads - å€f-

I+

for" surfac" = 1o4x3.FU4b
11U 4,27o mill-i-ins.

-. 4 '.47O = -l 4,A'lmì ¿r'rr o-i n.s./i n ^ì"-' ) Ao J- )W I r¡r! v¿ v ¿¡i È/ +¿¡ vt¡.
1Ov-/
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