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ABSTRACT

This study consists of two separate parts. The first

part explores the advantages of internally finned tubes

over conventional smooth tubes for laminar flow heat ex-

changers. Both straight and helical finned tubes are

examined in three different cases to compare with Smooth

tubes for the limiting boundary conditions of constant

wall temperature and constant heat input axially. These

d.esign cases explore the ability of internally finned

tubes to reduce tube material volume for equal heat duty

and pumping power, to increase heat duty for equal punping

power and total length of heat exchanger tubing and, to

reduce pumping power for equat heat duty and tube material

volume. The results indicate that finned tubes with þ to

B long fins provide the best performance in all three caseso

The objective of the second part of this study is to

design, constructe and test an experimental facility for

measuring the local Nusselt number in the entrance region

of d.ucts during lamj-nar flow. This facility is presently

being used for the study of the heat transfer characteris-

tics of internally finned tubes. Preliminary tests were

caryied out using a 1 . O?2" I oD. brass pipe (smooth) which

was uni-forrnly heated over a length of 2,32 ft by an elec-

trical wire. The resulting values of Nusselt number
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from the 2L test runs agree well- with correlations from

other references. Thereforeu this experimental apparatus

and the measurement technique were extended to the present

studies of the laminar flow heat transfer in internally
finned tubes.
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No$ENCT,AT_URE

EneLish Symbolg

A flow cross-sectional area, tt?

"p constant pressure specific heat, aturl(tU, of)

D inside diameter, ft
f friction factoro Íf p"5 gc/ña) (-¿prl¿x),

dinensionless

g gravitational acceleration, |t/inrz or ft/secz
G mass fluxs ÄA, rurr/(nr î&)
Gr Grashof number, gß p

dir¡ensionless t t

2 ni (rw-rb) /¡*2 ,

&
Gr modified Grashof number, gB adimensionless I I

h convective heat transfer coefficient, gfu/(hr ftz oF)

h* Iocal heat transfer coefficiento gv4luated at
some axial location xu Btu/(hr ft' "F)

H dirnensionless fin height, !/r, dinensionless

k or k, thermal conductivity of fluid , ntu/(nr ft on)

kw thermal conductivity of tube naterial u Btu/(hr ft of)

K fin conductance parameter, pt<*/Y,
!, fin height, ft
I heated lengthu ft
L,MIÐ Log-Mean Temperature Difference, oF

ñ mass flow rate a Lb*/hr

M number of fins
N number of tubes (Ín parallel)
Nu Nusselt number, e/ytx, (Tw-Tb)] or hDfk,

dinensionlessL*wv

2 o4 q,,'/(É r),



xt_

Nr* loca1 Nusselt numberu h*Dft, dinensionless

p pressurea psf or psi

P purnping powere Btu/hr

Pr Prandtl numbere¡ "nft, dimensj-onless

Pr.* local Prandtl number evaluated at any axial
locat5-on x, dimensionless

Pw tube wall parameter, n nz/¡l*.*t¡ u dimensionless
*Pw modified waIl parameteru P/wu, dimensionless

q heat transfer rate per unit tube length u Btu/(hr ft)
q" heat fluxe Btu/(hr f&')
0 total heat transfer r.ate u Btv/hr
r inside radius of tubeu ft or ín
Ra Rayleigh numbere Gr Pr, dimensionless

þ* ?,"."""9g Rayleigh number evaluated at T*o
dimensionless

Re Re¡molds number, t+år/(tr¡u-p'l , dir¡ensionless

R",o ?yeragg Re¡mo1ds number evaluated at T ¡
ormenðionréss m-

R"* local Re¡molds number evaluated at any axial
location x, dimensionless

t tube wall thickness, ft or in
T temperatu""roF

Tb local bulk temperature of fluid, oF

T" exit bulk temperature of fluidu oF

Tf l-ocal film tenperature of fluid, (f*+tr)/zu gr

Ti inl-et bulk tenperature of fluido oF

T, average bulk temperature of fluid, (fr+I")/Zu oF



x].1

T-- Iocal wall temPerature, oF
w

T temperature differencee (r"-T1) u oF

x axial distance from the beginning of heating
ft or in

** dinensionless axial location, (x/o¡¡(Re*Pr*)

X axial distance for a half turn of the fin
along the PeriPherYu ft or in

z (cro pr1 '3ír/(rn"O '25\ er¡aruated at r¡r
dirnensionless

Greek Symbols

& twist ratio o r/x

ò half the angle subtended' by one fin (see Fig' 1)
P deg. or radlo op coefficient of thermal expansi.one

ì-rkr, n rfp

t
r

d¡mamic viscosity, lbJ(ft hr) ot Lb^/(ft sec)

density of fluid , w*/tt3

Subscfipts

b evaluated at local bulk temperature

f evaluated at fluid film temperature

m evaluated at average fluid temperature

s smooth tube

t tot¿l
x local value



1.0 TNTRODUCTTON

Heat transfer with Laminar flow inside smooth tubes

is generally poor even with the existence of natural con-

vection. Attempts to enhance heat transfer by increasing

the flow rate (thus generating some turbulence) are some-

tirnes undesirable due to the associated increase in pumping

power. Recently, different techniques were suggested for
augmenting heat transfer over smooth tube, such as internal
finning, twisted-tape insertso rib-roughened surfacese sur-
face vibration, and electromagnetie fields. rnternal fin-
ning is considered as one of the simplest ways to enhance

heat transfer and such tubes are now available commercially

in copper or alumj-num with different fin numberso fin height,
and fin configurations (straight or twisted).

A research project is in progress at the Departrnent

of Mechanical Engineerirg, university of Manitoba, with a

general objective to evaluate the pressure drop and heat

transfer characteristics of internally firrned tubes. The

results of the project would provide design values for these

tubes. This thesis is a part of the afore mentioned. project.
Earlier efforts, which will be discussed in the Literature
Surwey¡ provide the analytical solutions for friction factor
and Nusselt number for a wide range of tube configurations

under fully-developed and laminar flow conditions. These

results reveal that internal fínning significantly enhances
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heat transfer; but simultaneouly, it always results in
higher pressure drops than smooth tubes with the same

inside diameter and operating conditions. The relative
increases in heat transfer and pressure drop over smooth

tube values were found to be strongly depend.ent on fin
configuration (number, relative heightu thicknesse twist
angleg . c e etc.). To achieve the best util-ization of in-
ternally firueed tubes, it is necessary to establ-ish the

optimum fin geometry for different conditions. The first
part of the thesis has this as an objective, consid.ering

the possible material savingu increaseC heat dutyu and.

reduced punping power in heat exchanger design (by re-
placing srnooth tubes with internally finned tubes).

The only other work with similar scope was carri-ed out
by tdebb and scott [t] which deals onry with turbulent flow.

The analysis in the first part of the thesis is based.

on correlations dealing with fully-deveroped. conditions
only. Therefore results are applicable to long tubes in
which fully-developed flow occupy a major portion. How-

evere many heat exchangers have short tube bundlesS hence

it is.necessary to extend the investigation to the thermal--

hydraulic characteristics of the entrance region. A review
of the literature revealed that very limited research work

has been done þl on local heat transfer characteristics
of internally finned tubes within the entrance region under



laminar flow conditi-ons" The second part of the thesis

constj-tutes a step in this direction and it describes the

design, construction, and testing of an experimental faci-
lity for the measurement of local heat transfer coefficients

in the entrance region" Pressure drop measurements were

not performed and were left for other researchers. In
ord.er to evaluate the experimental technique and results,
tests were performed with a smooth tube, enabling a direct
comparison with other published results. The works reported

in this thesis will be helpful in establishing the experi-
mental procedure for future tests using internally finned

tubes.
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2 . 0 LI TERATUREI REVIE!ü

Investigations dealing with optimization of internally
finned tubes are very lirnited. rn order to gain a better
understanding of the problem, the scope of this literature
survey was widened to include some of the references deal-
ing with the criteria of fin optimization. There is a

certain geometry of fins lining the inside of a tube which

provide the best perforrnance for certain conditions. The

present review j-s divided into three parts. The first
part relates to the optimization of internally finned tubes

under turbulent flowo The second part rerates to the ex-

perimental studies of laminar fluid flow heat transfer in
internally finned tubes. The third part relates to the

analytical studies of laminar flow heat transfer in inter-
nally finned tubes and the source of heat transfer data

for the present fin optimization study,

2.1 Tu.rbulent Flow Heat Transfer in Inte-rnally Finned

Tubes

Both the turbulent fl_ow and heat transfer of
internally finned tubes have been investigated ex-

perimentally by a number of researchers and a number

of correlations have been developed for pressure drop

and heat transfer" Recently, lrlebb and Scott [t] have

done an optimization study for internally finned. tubes
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based on some of the experimental data for turbulent

flow and heat transfer" From their analysis, they

drew several conclusj-ons on the advantages of inter-
nally finned tubes over smooth tubes. "The best axial
internal fins offer less than L0% .material savings for
equal pumping power and heat duty. However, the mater-

ial savings are increased to 49% using internal fins
having a 30 deg helix angle" The heat exchanger UA

may be increased from 35 to t+O% tor equal pumping po-

wer and total tubing length. Pumping power reduction

of 42% ís obtained using J fins 2mm in height with
zero helix angle. The majority of the calculations
are perfonned for water (Pr=J) and include the effect
of fin efficiencyo n' Their results indicated that heli-
cal finned tubes may not be best choice in al} circum-

stances. Helical finned tubes pròvide better improve-

ment in heat transfer duty and tube material saving

than longitudinal internally finned tubes for turbulent
flow heat transfer, However, this is not true for
pumping power comparison. T,ongitudinal internally
finned tubes perfor"m better than helical finned tubes

in saving pumping power for turbulent fLow heat transfer.
It is interesting to explore ttre performance compar-

isons relative to smooth tubes for straight finned

tubes and helical finned 'bubes under lami-nar flow.
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No optinization work of this type was available at
the time when this research was started.

2.2 Experim.ental Studies of Laminar Flow and Heat

Transj[er in Internallv Finned Tubes

0n1y a few investigators have done experimental

studi-es of laminar flow and heat transfer in inter-
nally finned tubes. Watkinson et aL. [:] have done

some experimental studies of both heat transfer and

pressure drop of internally finned tubes in laminar

oil flow. Eighteen different geometries (L2.7 to 32

mm I.D. containing from 6 to 50 straight or helical
fins with relative heights from 0.OB to e.1,Z) were

used in their experiments. Based on their results,
they established correlations for the Nusselt number

and friction factor with standard deviations within

1 L7%, These comelations aecount for the effects
of both free and forced convection and apply to a

certain tube length which naturally includes both

developing and fuIly developed flows. More seriously,
these correlations are limited to the relative fin
height range used in the experS-ments and thus carurot

be used in the present optimization work since the

optimum geometries might be outsi_de this range.

Marner and Bergles [rO] also have done a lirnited
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amount of experinental study on isothermal pressure

drops and local heat transfer coefficients for an

internally finned tube with helical fins, a twisted-
tape insert and a smooth tube with water and ethylene.

They concluded that the internally finned tube used.

in the large-scale tests seemed to be especially
promising for both heating and cooling based on a

constant purnping power performance analysis.

2.3 Analytical Studies of Laninar Flow and Heat Transfer

in fnternally Finn-ed Tubes

2,3,1 Strgieht_ .Firnxed Tubes

there are several analytical studies which

involve lami-nar pressure drop and heat transfer
in internally finned tubes. Hu and Chang LSI
initiated analytical studies by employing siurpli-
fied assumptions such as zero fin thickness, con-

stant and uniforrn heat flux at each straight fin.
Lateru Masliyah and Nandakumar [S] refined the

analysis of Hu and Chang by considering tubes

with triangular fins. However, the analysis

still assumed uniform temperature distribution
on the fins. Both the assumptions of triangular
fin profile and unifom tÞnperature distribution
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are unrealistic. This is because fins are

generally not triangular and fin naterial must

have infinite thermal conductivity in order to
have uniform ternperature distribution. Soliman

and Feingold [Z,A] extended the solution to
almost-trapezoidal fin profile and developed a

numerical technique to evaluate temperature dis-
tributions and Nusselt numbers for straight finn-
ed tubes. I¿.ter, Soliman [g] modified the analy-
sis again for temperature distribution and Nusselt

numbers by taking into consideration the fin thermal

conductivity. So1iman0s solutions [g] cover most

straight fin geometries¡ therefore his solutions
(overall Nusselt numbers) will be used in the

present study of the optimization for the case

of constant heat flux.
Soliman et aI. [tO] worked on the other ex-

treme boundary condition which is the uni.forn

outside wall temperature case. The analysis

provides the overall Nusselt numbers and will be

used in the present study of the fin optimi.zation.

2.3 "2 HeIieal- Fi.nned Tubes

Ivanovic ttl] has recently reported a

theoreticai analysis of Lanínar flow and heat
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transfer in tubes with internally helical fins
and ?.ero fin thickness. He has deveJ_oped a re-
lationship for the friction factor ratio of
helical to straight fins a function of Mu and

the product of fin twist ratio (l) and Re¡molds

number (Re). His results indicate that the

friction factor ratio hardly increases with the

increase of dRe up to o(Re=30 for any M and H"

Howevers the friction factor ratio (t/tr) in-
creases rapidly and nonlinearly in exponential-
like fashion when "(Re is increased beyond. 10.

The effect of twisting on t/îs becomes noticeable
when M becomes smaller and H becomes larger.

Ivanovj.c [ff] also developed. a relationship
between the Nusselt number ratio (nelical to

straight fins) and lRe" This relationship Ís
basically of the same behavior as for friction
factor ratio and fRe.
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3"0 PERFORMANCE OPTIMIZATION OF JNTERNALLY FINNED TU.BES

The pressure drop and heat transfer perfomance of
both the straight and helical finned tubes is studied here

based on the anaLytical results reported by Soliman and

Feingold [Z,A] , Solinan t9l e and Solinan et al" [ro]
for straight finned tubes and by Ivanovic t11] for helical
finned tubes" All these data are for singre-phase, furry-
developed laminar flow with unifor"m properties. The per-

fomance of both the straight and twisted finned tubes is
compared with that of smooth tubes. several criteria are

examined such that a specific objective function is maxi-

mized or ninimized (depending on the criteria of the opti-
mization) subject to several system constraints. Basically,
the criteria of evaluating the perfomance of the firured

tubes forrow the work of !üebb and scott [t] , and !üebb and

Eckert tlr] for turbulent flow heat transfer,
It is worthwhile to point out that the perfonnance

comparison between the snooth and finned tubes is done

here ignoring the infruence of free convection" However,

in acü¡al practice, free convection exists and it enhances

heat transfer in both smooth and finned tubeso partioularly
at low velocities and high tenperature differences between

the wall and the fluid. The reason for ignorlng free con-

vection is that there j-s insufficient data (analyticar or
e4perinentat) on nixed convection in internalry firured
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tubes" The hope is that the effects of free convecti-on

are approximately the same percentage-wise for both smooth

and finned tubes, in which case, the actual ratios of Nus-

sert numbers (nu"r/wu) wourd not deviate substantially from

the ratios based on pure forced convection.

3,L Data Bas_e For Performance Evaluation

There are two liniting themal boundary conditions

for fluid flow through tubes (or ducts) " Tube-wal1

temperature can be assumed uniform throughout axially
and circumferentiarly (hereafter referred to as B.c. 1)¡

oro tube-walI tenperature can be assumed uniform only
around the circumference with constant heat flux axially
(8.C. 2). Generallyu B.Co f. is called the constant wall
temperature case, whereas the B"c. z is carled the con-

stant heat flux caseu For any duct geometrye B.Co L

and B.C. 2 are inportant because they correspond to
the mininum and maximum NusseLt numberse rêspêctivery"
These boundary conditions also simulate many actual

operating conditions.

3 "L "1. Conventional Snoo_th Tubes

The theoretical frrlly-developed Nusselt

numbers for smooth circular tubes (Nus) are the

well known values of 3,6568 and 4,3636 for B,C. t
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and B.C" 2ø respectively. The frictional pressure

drop for both boundary conditions can be evaluated

from the simple comelati-on fRe=L6.

3.1,2 f nternallv Finned Tubeg

3.L ,2. L Straieht _Fins

lhe analytical results in l? oA rgand 1Ol

provide the necessary data base for this
part. These results correspond to the

geometry shown in Fig. 1 with a half fin
angle p=3o. This value was chosen here

because it represents an average value

for finned tubes under production.

Corresponding values of fRe which were

reported. in [Z] are listed. in Table A1

of Appendix A for different values of
H and M, Nusselt numbers for B.C. 1

f*Ol and B.C. 2 [g] are listed in Tables

A2 and 43, respectively. These values

correspond to p=3o, K=1 and. o, and a

range of M and H values.

3.L u2.2 Uel-ica1 Fins

In order to maintain p=3o throughout
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the present study, the fRe and Nu data

for helical fins with zero thickness
(reported in þt]l were modified" In
doing sou the resutts in [Z] and [g] for

P=O and p=3o were used to define a mul-

tiplier. This rnultiplier was used to

ad just the results in [tt] for p =3o as

an approximation. In addition, dRe is
fixed at 300 to provide a single set of
data. Hence o( can vary while it is con-

strained to be such that 4¡s=J00. Be-

cause of this constraint on "( u the

present results may only show a relative
optimun solution, but not the absolute

optinum. lhereforee the comparison bet-
ween smooth and helical finned tubes is
only an approximation. Sj-nce laminar

flow in internally finned tubes can be

eriqpected to exist up to Re=1000 as pro-
posed by Ivanovic [ff]. d should not

exceed 0"1 for dRe-300"

3 " 
2 optimi zatio_nÆlralgatio_n_ Cri teri3

This study exarnines the possible perfor:mance im-
provement when replacing conventional smooth tubes by
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internally finned tubes in long-bundle heat exchangers

under fully deveJ-oped laminar flow" This study also

investigates the fin configuration which will result
in optinum perfomance Í.n comparison with smooth tubes,

The perfonnance evaluation criteria are similar to those

in Refs. [r and 12] 
"

the foLlowing are the three cases of i-nterest¡

Case As Reduced tube material volrlme for equal pumping

power and heat duty.

Case B¡ Increased heat duty for equal pumping power

and total length of heat exchanger tubing (Wf,) 
"

Case C¡ Reduced pumping power for equal heat duty and

tube material volumen

Each case is examined with the object of determin-

ing the optinwn fin configuration for straight fins
with B.C. l and B.C. 2 and for helicaL fins with B,C. Z,

All cases are restricted by some common constraints in-
posed on the operating conditions. These conmon con-

straints ares

1. TÌ¡e fins are trapezoidal (see Fig.L) with p=3o 
"

2n lÏ¡e tube-walI thickness is 2pr for finned tubes

(i"e, wall thickness equal to fin base thickness)u

and 2pr" for smooth tubes.

temperature for finned and smooth tubes3. The inlet
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Fig. 1. Finned î¡be Geometry"
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is the same"

4" Ttre total mass flow rate in finned and smooth tubes

is the same.

5, Both finned and smooth tubes carry the same incom-

pressible fluid wíth const¿.nt properties"

3 "2.1 General Ratios

This section contains the general ratios
which are required to derive the objective func-

tions for each of the three Gaseso

(i) Ttre r^atio of the cross-sectional flow areas

is given bys

t = (*J'['- +# rz'-'zrl . 
(1)

(ii) îhe ratio of the total exchanger tube naterial
volume can be expressed as¡

t =(æ)(*J'[,.+ffi#] 
e,

(iii) fne ratio of heat duty for B.C. 1 is given

byc

-g = Tt "o (t"-rJ = l¡u N r (r,wrrp) 
ôQs ût" "n" ft" -r, ì Ws "

[ 's -s/ (3)
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If q=q" and applying the constraint ô ot" tt=t*" I

"n="n"t and *t=tt"e then Eqn" (3) reduces to t"=t""

Combining this with t.:T-._ for B,C. 1 results inw*"
(r¡ntn)= (ulm¡ 

". 
Hence Eqn. (g) becomes

Nu NI._
Nu NI,S SS

for Q=Qs and B.C, to

Now, considering the heat duty ratio for B.C. z
we get

TT.et_T=F:_el_SS

a
8s

_-q_
a

È̂

= ¡¡,, ¡l I þrr-Tul ow
Since q is constantu T*" increases in the flow
direction at the sane rate as TO ín order ôo

rraintain h - \
, \ *'*d = constant. Again, if Q=Q"o

:""!*"=*"J" 
since t"=*"" and ri=Ti",

(ç-tl = (t -tù 
" 

ror constant heat inpur.

Henceu Eqn. (5) becomes

_0 Nu NI,
e- Nu NLT' S SS

for Q=Q" and B.C. Z.

( rl)

(5)

(6)
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It should be noted that Eqn"

to Eqn. (4) for B,C. L, It
that Eqn. (6) is valid only

Qs" The following shows the

Starting with

(6) is identical
should also be noted

if q is not equal to

reasons

p_
Qs

If in addition

Thereforeo Eqn"

9=gse then

(6) becomes

NÏ,
NLSS

0 Ntrq = iq =1 whichis

therefore qÉes.

The pumping power for flow in a

f'*A P
¡,

oø
I

impossible 9

tube is given by

terms of fRes wê get

Re

zÄ/T rf

9)

where A p =

Rewriting Eqn, (8) in

P=+JL1å.r,rrfr, *.

(8)

(g)
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For smooth tubeu laminar flow

f" R"" = L6 " (.10)

Thereforee the ratio of pumping powers is
I,

P - fs\ /-*-\ 1 "\1 ""\* 1-ôlT;= \,ÇJ\-/ \E/ \-/ \i"/ (il¡

Becauce å*=å*.e ioêoe til=tír"l'lru Eqn. (tt¡

becomes

È=(€(4(4-(+*) (t2)

For the same total mass flow rates wê can wri-te

ant=-GAN¿t
-ñ; = Tqq=¿o--rs s s s (13)

Substituting Eqn. (1) into (L3) and rearranging

we get

+ =(*")(t)'['-+,,"-"'] 
(r+,
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3"2.2 Case A Reduced tube naterial fop eoual heêt

duty and pumping power

Itre constrai-nts for this case are

+-=-L='! oQs P" (t5)

Applying constraints (tS) to Eqns. (¿+) and (tz¡
and substituting the results into Eqn. (14)

we get

G" - /-r-\+ /--""\* r I
-l- = t-ï6''¡ \ ^-=/ t-t'/ L1- 

--u,,Ê {z'-'zJ 
(re¡

For equal heat duty, Eqn. (¿l) can be written as

NuNT,
NuNT, L'

SSS

which results in

Nu = _i{_LNu NL..s_s (L7)

Now substÊituting (t?) into (Z) produces the

objective function of this case o
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obviously ¡vfrs) is dependent on (r/r")"
Therefore, an additional constraint has to be

imposed on Eqn, (18) and (r/rr) will depend on

this constraint. Three possibilíties were

considered as follows ¡

(i) If (r/r=) is equal to le the objective func-
tion (fa¡ reduces to

v =/-lt-\ [.,* M(z'-r,zll-Ç =\Ë/ 
L'.Ë"ft¡ir_J 

.

vfr" from Eqn" (19) was plotted against G",/G

from Eqn, (f0) and the results are shown on Figs,
2 and ) for straight finned tubes with B.C. j,

(X=1 and co ) , Figs. 4 and. J for straight fir¡red
tubes with B.C. 2 (t<=1 and o )s and Fig. 6 for
helically finned tubes with B.C" 2e and K=@ 

"

Figs, 2 to 6 have simiLar patterns, lTrey

all indicate that the optimum choice is H=0"8

and M=16 for the case of r=r"" By comparing

the straíght finned tubes and the helical- fir¡ned.

tubes with H=0"8 and M=16, helical finned tubes

perforn 7% better than the straight fi¡,rned tr¡bes

ín material saving as it can be observed fron
Figs" J and 6"

(Le)
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(ii) A second alterrrative is to set N/N"=L'

Equating Eqns. (4) and (L?) and applying

flw"=l 0 wê obtain

r =(#)-(*)-
substituting Eqn. (zo) into (fe¡ we get the

following obiective function for Case A when N/ru==l r

t = ($"'(*)*['.++ffiq (zr¡

vfr, from Eqn. (er¡ was plotted against r/r"

from Eqn" (eo¡ and the results are shown in Figs'

? and B for straight finned tubes with B.C. 1n

Both Figs " ? and I indicate t'trat the tube radius

of straight finned tubes cannot be smaller than

ttre tube radius of smootTt tubes for the same

pumping power and heating duty witTr changing

L/Ls and N/N"=l"

By alJ-owing t/r, to vary, it ís not possible

to save as much materiaL as the case in which

r/r= is fixed to unity and' LlL, and Nr/Ns are

variables. Itris is evid.ent by comparing Fig' 2

with Fig" ? or Fig" 3 with Fig" 8.

(20 )
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9 to 1-1 for both straight and helical finned tubes

with B.C. 2o The results of the figures with BoCo

2 indicate that finned tubes do not perfor:rn as

well as B.C. L in terrns of tube material saving.

In factu it Ís neoessary to be careful in choosing

fin geometry to avoid increase of tube material"

(iii) Il{ith Þtr" as a constraint, the objective
function (18) can be formulated as follows¡

Cr/c from Eqn" (fg) and these are shown in Figures

+;=Ëì-(iå"-) 
ä

vfr" from Eqn. (Zt¡ was plotted against

By comparing Eqns, (2t) and (ZZ). the case

of fixed tube length (i,e, L/L"=L) is an even

worse choice than the case of fixed tube number

(w/V"), Henceu the case of fixed tube radius
(r/r"=L) is the best choice among the three

alternatives.

['+
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3,2.3 Case B Increased heat duty for eoual pumping

power and total lgngth _of heat exchanger

tubinF (NL)

The constraints for this case are

¿=
P=

NL

- 

= | .NLcc

ng these constraints into

=(*)(+) "

=(*)

Substituti

we get

/ * \'

\r/
With rs=ru

(*J'
Since

(23)

Eqn. (12)

(z+¡

(zs)

Is

Qa¡

ínto

m.
T

-=

III+
U

S

Eqn. (zS) becomes

HþJH

(*J
with r"="

[' +t c'"-"'l '

(+)'=(*)
Now substitute Eqn. (1)

Eqn. (20¡ and get

(2?)
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Nowu let us observe

Case B with B.C. 1."

If we restrict
then the above

the objective

Applying the

function for
constraint

l|u J+#IP+ -> I\{aximum.Nr= ( II/ITD) 
s

(IMTD)/(LMTD)s to a constant,

equation is simplified to be

a
a^

NL=N"L"u Eqrr. (3) becomes

a
a_

Þ

-+ Maximum.
(zza)

We can get the same result as Eqn, (Z|a) for
B.C. 2 by applying the constraints NL/Ms= I
and (Tor-Tu¡/(r*-ro)= = constant to Eqn. (5).

Therefore, the optimun solution for this
case would be maximum value of the Nusselt

n¡rnber ratio, In other words the best choíce

for this case is the highest Nusselt number

from Appendix A.

THe highest Nusselt numbers are 29 "95
(for H=0.8¡ M=16¡ K=1, B.C. 1 and straight "

finrred tubes), 35"29 (for H=0,8u M=8, K=@ ¡

B.C. 1 and straight finned tubes), L06.5

(for H=0.80 M=16¡ K=æ B.C. 2 and straight
finned tubes), L14"0 (for H=0"80 M=16u K=@ ,

B"C. 2 and helical firured tubes) " These resuLts
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indicate that tubes with long fins have better
performance than those with short fins.

3.2 "l+ Case C RedJrced pumping power fpr egual heat

duty and tube naterial_ volume

From Eqns. (þ) and (6),

NuNI,=qT;q
for both B.C. l and B.C. 2.

If the total tube length does not vary
(i"e, NI,=N"L")e the above equation inplies that
Nu=Nu" which is impossible. Therefore, in this
case, the tube material volume is kept constant

rather than the total tube length" lrlebb and

Scott t1] in their Case C for turbulent flow
applied the constraints NL=NsLs and r¡r" and

found that internally finned tubes can reduce

punping power significantly. For the present

caseu the constraint has been changed into
V=V" u

Fro¡n

v
vu

a.: = I
14s

Eqn. (Z), we have

= (*J(t)(t)'['+
]=

M eu-n?
4 rT (t+p. 1"



Substituting from Eqn,

+ =l#)*l'
"= \ s/ \

Substituting (J.e¡ into
objective function as

3?

(¿+) with Q/Qr=to wê get

M fr"-"'l\å+ -rTflTp)-/ 
(aa¡

(tZ¡, we obtain the

follows ¡

È=(+)(-nl (4(ð('"++ä#'i
Qgl

The large number of fins (i.e" large M) may not
help Eqn" (29) approach a nininum because it
assocj-ates a large friction factor and most of
the Nusselt numbers with M-)Z are smaller than

the ones with M=21&.

The (f.,x",/f,"n) term of Eqn. (29) should be as

snall as possible" From Eqns. (4) and (6'),

we can obtain¡

rN" / *"=\/ *"1
F- =\-ru 

f \I = (*J(
Both (Ns,/N) and (t /n") canr¡ot be ridiculously

necessar1r to impose a practiaal

{n",/lv) and (t /tr) " Thereforeu

the additional constraint is¡
T \rrrL) 4L .'Lts è

small" It is
constraint on

for this casee

¡ú \ tÀtLt - -rts ,

(30 )

(31)
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Applying the additional constraint with Q/Qs=l,

Eqn. (30) can be rewritten as I

The results of Eqns, (28) , (29) and (32)

were plotted in Figures LZu t3n 1þ and 1J for
both BoC. 1 and B.C. 2 with K=o " Because of the

huge range of PlP"a two figures (12 and 13)

were pJ-otted for the same case 
- 

B,C" 1s

straight fi,ns, and K=(D u Fig. t? shows that
the misuse of tl¡e finned tubes can have tremendous

increase of punping power rather than saving.

Fig. L3 shows on].y the results prrÞ" ¿- L with
B.C. 1. It indicates ttrat the finned tubes with
M=ll perfor"m better than the ones with more fins.
For M=4, the pumping power ratio decreases rapidly
from lI=0,2 to H=0"/ and then levels off¡ so¡ for
H > 0.8 with M=þo ttre larger fin height is no

Ionger beneficial to the savi-ng of purnping powero

With M ) 4, the increase in fin height may not

help tp save punping powerø Tt¡ere is always

a trade-off in tube size to save pumping power

by increasing H with a constant M" From Fig" t3

/r,¡r\ i Nu\

\F/ 
= 

\*/ 
(o'25¡ ir Nu/Nu"''' 

J (iz)

(ë = (ü ß'o6zst ir Nu/Nu"à2' J 
\)Lt
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it indicates that the straight finned hrbes

with M=& and H=0"8 is the best choice for B.C"

L and PrlP"=O,L23"

Figs " tl+ and 1J shows the results for
straight and heLlcal finse respectively, with

B.C. 2n Fig" 14 foLlows almost the same be-

haviour as Fig. t3, However, the best choj.ce

is M=þ and H=0.7e ratl¡er ttran H=0.80 for
straight finned tubes and P/Þr=O,113, The

pumping power ratio equals to 0 "tLg for M=4

and H=0"8,

ComparS.ng Fig. 15 with 14s the helical
f.inned tubes perfor^m generally better than the

straight finned tubes in terr of power saving.

The best choice of helical firured tubes is
M=ll and H=0. ? wlth P/P"=o "o92" Howevern the

tubes with M=l¿ and H=0u8 have low P/P" which

is 0.O9?" For M=40 H=0"6¡ frlP" is equal to

O"1O4u Thereforee the decrease of P/P" is very

little with the increase of H for 0,8 < H < 0.6

and M=4, Howeveru the i-ncrease of r/r" is large

in this rangeo So, it may not be worth to have

longer fins and Larger radius ts save only a

fraction of pumping power,
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3 "3 conclusion .and Recommendation for Further studies

Tubes

TÌre results of perforJnance comparisons between

the internally firuned tubes and smooth tubesr all

indicate that a sma1l number of long fins is the best

choice for every case. Moreovêf,s helical fir¡ned tubes

are better than straight firuned tube, even in saving

pumping power for the same heat duty and trrbe material

volume. fhis is because the swi:rl of the fluid provides

better convective heat transfer in helical finned tubes

and decreases the required tube length for the same

heat duty d.espite the small increase in punping power

per unit ]_ength. These results agree with the turbu-

lent flow analysis of internally finned tubes done

by Webb and Scott [f]. Their results show that helical

finned tubes have better perfor"mance than str"aight

finned tube for heat transfer aspects" Sj-nce helical

firured tubes are better in turbulent flown despite the

natr¡ral enhancement from such flow, they are expected

to be even better in laminar flow. However, the effect

of helix angle of fins was not studied here for laminar

flow. This is one of the areas that needs more study

in order to have the complete evaluation of helical

finned tubes.

of Inte
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The longest fin used in this study was H=0'8.

Irhis fin height usualty gave the- best perfomance

compared with other fin heights. Ttre Nusselt numbers

for dimensi-onless fin height, He larger than o"B were

not available for the present study. Internally finn-

ed. tubes with H>0,8 could be a better choi.ce in some

cases o

Ttris study is based on constant fLuid property

data. It is well known that free convection does

exist in force-convective-laninar-horizontal-pipe

flow. This effect is also expected to occur in inter"

nally finned tubes and the significance of this effect

is an area to be studied.
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4.0 EXPBRIMENTAL. FACILITÏ

An experimental facility was designed and' constructed

for the study of loca} Nusselt number in the entrance region

of d.ucts under laminar flow condition. Thj.s e:çerimental

facility was designed such that it can be used to study

the heat transfer characteristics of internally finned tubes

in the future. uniform heat input axially was selected as

the boundary condition for the tests. Sj-nce water is a com-

mon fluido easy to work with and required relatively short

hydrodynamic and thermal entrance lengths¡ distilled water

was selected as the working fluid. In the f\¡ture, other

working fluids, such as oils a¡d ethylene glycolt can be

used for studying the effects of fluid properties on the

heat transfer characteristics of internally finned tubes.

changing the working fluid would require only mj-nor nodi-

fications in the test looP.

4.1 Experinental LooP

Fig. 16 shows a schematic diagram of the e:çeri-

mental loop d.eveloped in this investigation. The

test loop was a closed system and the cooling section

was an open systern. lrhe test fluid (¿istitted water)

was pÌ¡mped frour a mixing tank to the loop " The nixing

tar¡k had a J-arge water inventory to provide constant

tenperature and pressure. The flow was driven to the
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Cooling
Woter

lr Circulotino
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Filter

Fig" L6 Schematic Diagraur of the Experimental
Loop.

Cooting Section

Test Section
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junction of the by-pass line and the main loop. The

by-pass valve was used to adjust the flow rate into

the main loop. After the by-pass the flow was passed

through a line filter for cleaning purpose. After the

line filtera the flow went through either one of two

flowmeters (Uotn made by Fischer & Porter) for flow

measuremento The 0,26? US gpm liquid (specific gravity

=1) flowmeter and the L"!2 US gprn liquid (sp. 8r. =1)

flowmeter were installed in parallel to measure the

ranges of, flow rates from 0 to 0,267 US gpm and from

0,267 to L.Lz Us gpm.

With the known flow rate¡ the fluid entered the

test section. The test section was a seamless red

brass pipe (85% Cu.¡ t5% Zínc) with L"072" troD, and

t.3L? " I.D. The pipe was 2"84 ft long and the heat

length was 2,32 ft,
The heated length was heated by means of electrical

resistance wire. The wj.re was a chromel-A type with

resistance of 0 "}OOL ohns/foot and O,O57 inch diameter.

The wire was wrapped around the tube with a layer of

teflon tape in between the wire and the tube acting as

an electrical j-nsulation, fhe heated length was ther-

nally insulated by fiberglas and radiation shield.

Ihe input povrer was controlled so that a minimum pf

zOoF temperature rise can be achieved by the fluid in
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the heated section. Thermoeouples were installed on

the tube wal} to measure wall temperature of the heated

tength. The beginning of the heated section had more

thermocouples installed because of the rapid increase

of the wall temperature" Tïvo thermocouples were in-

stalled. to measure the inlet and outlet bulk fluid tem-

peratures before and after the heated length. A mixing

chamber was found necessary for measuring the outlet

bulk temperature. Howevero llo nixing chamber was in-

stalled for this prelininary testing. A schematic

d.iagran of the test secti.on is sho'¡rn in Fig. t7 ,

A variable transformer (Superior Electric Co.)

with maximum outlet of 2 KVA was installed to control

the electrj-cal power input to the heated length. A

wattmeter (hleston Electrical Instrument Corp.) was

installed to indicate the heating load on the heated

length. A pJB numatron potentiometer (Leeds & Northrup)

was used to indicate all the temperatures from the

ther:mocouples" A selector switch was installed to

link up all the themocouples to the potentiometer

for reading the temperatures at the various locatj-ons.

After the fluid was heated in the test section,

it entered the cooling section. T'he size of the simple

counter-flow heat exchanger was designed to meet the

capacit¡r to remove all the absorbed heat in the test
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section for all the commercial interrrally finned tubes

(t/2" to 3-" I D") which would be used in the future"

It was assumed. that the temperature increase of water

during the heated. section should not exceed zooF for

the 1" I.D. test section"

A 6 gprn flowmeter (Schutte & Koerting Co.) was

installed. in the line of the cooling side. After the

flow measuremento the coolant (tap water) entered the

cooling section to remove the heat from the test fluid'

flvo thermocouples vtere installed to measure the inlet

and outlet temperatures of the coolant and another two

therrnocouples were used to measure the temperatures of

the test fluid before and after the cooling section.

Heat balance was apptied to double check the functioning

of the experS-mental loop" The coolant was discarded

and the test fluid returned to the mixing tank for re-

circulation in the test looP.

4.2 Experinental. Procedure

The test section was installed in the test loop'

Before the installation of the test section¡ the e1ec0

trical resistance wire was wrapped. around the tube

and the necessary number of ther"mocouples were welded

onto the tube wal1. Ther:s¡al insulation was then

wrapped around the test section,
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Start-ur¡ Procedure

The steps taken to start up the experimental

facitity and to prepare for a test run are listed

below in the order conducted¡

TLre potentiometer was tt¡rned on.

TÌre by-pass valve was open and the valve before

the flowmeters were closed.

Ttre circulating punp was turned on.

Ttre desired flow rate was obtained by opening

one of the valves before the two-flowmeters to

allow flow through the test section and the by-

pass valve was adjusted to control flow back

to the nixing tank and hence loop flow'

After a constant flow of distilled water was

achievedo the cooling water was turned on.

The electrical power was turned on to heat up

the test sectj-on and it was controlled by the

variable transformer to have a desired wattmeter

reading.

The flow rate of the cooling water was adjusted

to achj-eve a steady statee i'e" all temperature

readings and flowmeter readings were steady"

1+.2 "2 Steadv-State Condition

1,

2,

3.

þ"

5.

6,

?"

The criterion for achieving steady-state
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conditions was that the following readings re-

main unchanged. for a period of !/2 t.our,

1 o The inlet and outlet temperatures of the cooling

water in the heat exchanger.

2" The inlet and outlet temperatures of the test

fluid in the heat exchanger and in the test

sec ti-on 
"

3, All the walI temperatures of the test section.

4. The flowmeter readings of the test fluid and

the cooli-ng water.

5, The wattrneter reading.

4,2,3 Data Rec.ording

After the steady-state conditions were

reachedo the following readings were recorded.

Ttre flowmeter readings of the distilled water

and the cooling water.

lhe inlet and outlet temperatures of the

cooling water in the heat exchanger.

The inlet and outlet temperatures of the test

fluid in the heat exchanger and in the test

section.

The wattmeter reading.

All the wall temperatures of the test secti-on.

After all the raw data were collectedt

L.

2.

3.

4.

5.
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the heating was turned off first for L0 minutes

to cool down the whole system. Then the pump

was turned off and the by-pass valve was fully

opened" Ihe valves before the flowmeters were

closed. The cooling water was turned off and

the potentiometer was swítched off.
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<^O RESULTS AND DISCUSSION
ta-

5"L Data Reduction

A total of 2t test runs on the preliminary loop

were recorded in the present investigation" Different

runs correspond.ed to different mass flow rate and heat-

ing power" The ranges of the operating conditions

covered. in this investigation are tabulated in Table L.

The raw data for each run were used to calculate

the average value of Reynolds number (ne*) r average

value of Prandtl number (frr) e fully developed Rayleigh

number (Ra), fully developed Nusselt number (Nu) e and

l-ocal Nusselt numbers (t'lu*) at different dimensionless
-.Flocations (x") along the heated tube" AII the experi-

mental data and their computed results are listed in

Appendix B" A sample calculation is shown in Appendix

c.

The 10ca1 Nusselt number is defined as fo110ws¡

hD
Nt*=È' 

ß3)

whereo h* is the local heat transfer coefficient,

k* is the loca1 ther"mal conductivity of the

fluid"
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Table L. Ranges of the operating conditions

number of test runs I 2L

pou¡er input I t?o-2650 Btu/hr

mass flow rate I Sr.4-222 Lv*/hr

inlet fluid temperature I Zt.Z_?8,5 oF
to the test section I '- "- r

I

oug_et fluid temperature I Zr.g_1OO.O 
oF

from the test section

Reynolds number I l+2-t55o

Rayleigh number I t.ot x t05 r.o5 x to7

Prand.tl number I 5.4?-6,43
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whereo x is the axial
beginning of the heatingu

the local Re¡molds number,

number,

Ttre d.imensj-onless location (o*) is defined as followss

x/p.
Re Prxx ßt+)

location measured from the

D is the diaroeteru Re* is
and Pr is the local Prandtlx

ft can be seen from the results listed in Appendix

B that, the wall temperatures at x=1 .8¿+ and 2.00 ft (at

the end of the heated section) were almost the same"

In fact, the wall temperature at x=2.00 ft was lower

than the waIl temperature at x=1n84 ft in some of the

runs. This was because of the heat conduction effect

of the non-heated section of the loop. Tiris heat con-

duction effect becomes more noticeable when we observe

the changes of loca1 Nusselt numbers, especS-ally at low

flow and high heat input" These effects can also be

seen in Figs. 18 and L9" Idhen the flow was low and the

heat input was high in Run 10r the last Nusselt number

was almost equal to the first Nusselt number"

5"2 lTre Effect of_Free Convection

Figs" 1.8 and L9 show the effect of Rayleigh nurnber

a --.! -- - 
5r ^--- L ^- ¿ ¿----6^- ^4 +L ^ ..-: 4r^-l -- 1^ ^^ ¿^¡

9Ir Iiá,Il¡J-¡Iiá.I- I¿UW ¡rgiá, L l,¿-irl¡IäJ. EI' l.ll lr¡lg l¡l¡¿¿rJ¿'u¡J-J I¡EcL Ustl,
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tube in ttre ther"nal developing region" The results

show the strong effect of free convection super-

imposed on the forced convection heat transfer in

a horizontar tube" Fig. L9 corresponds to data at

low Re¡molds number (Rer=f00-BOO) while Fig, 18 cor-

responds to d.ata at high Reynolds number (Rer=1490-

1600) 
"

In both Figs. L8 and t9s tJre shape of the curves

are almost identical. They all have a shape which

decreases in the beginningrthen levels off to some

constantrand finally rises up again at the end. Howevere

the curves with higher Rayleigh nuaber and almost the

same Reynolds number shift upward to have higher local

Nusselt numbers" The theoretical-canstant-property-Iocal

Nusselt numbers were also plotted against the dimension-

less location (*") for Pr=6.0 Lf S] . Ttris curve neglects

the effect of free convection¡ thus it represents the

lower bound of all the experimental results.

5"3 Ttre Eflect of Flui.d VeLocity

Figs, 20 to 22 show the relationship between the

Local Nusselt number and the dinensionless locations

at different Re¡molds numbers while they are kept at

almost the same Rayleigh numbers" They indicate that

the data points l-ie in the same curve for the same
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Rayleigh number. At high Reynolds numbers the d.ata

begin first because the dimensionless location is
j.nversely proportional to Re¡moÌds number. The local_

Nusselt numbers from two different runs with almost

the same Rayleigh number approach the sane as¡rrnptotic

va1ue. This is consistent with the theoretical pre-
diction of constant property Nusselt nunbers 1nef. [fe]
and Ltf] I which is independent of Re¡molds number in
both the developing and fully developed regions if we

neglect the end effects.

5.1+ Compa.risons w_ith Existins Co_rrelations

Figs, 23 and 24 show the companisons between the

present experimental results of fulty developed Nusselt

numbers and the predictions of some empirical correlations
available in the literature"

lhe solid cur\re in Fig. Zj is a reproduction of
Fig. tL of Ref' Lte] , for fully d.eveloped laminar flow
of water in a horizontar circurar tube with constant

waIl breat flux. The present experinental Nusselt numbers

(wu¡ are ? to 30% ]nie}rer than the ones from [f e] .

Therefore, the agreement of ttre results is fair" The

present Nusselt numbers (t¡u) were obtained at x=l.84 ft,
Ttrese may not be the true f\,rlly developed varues and the

tÏ¡er^nal boundary layer nay still be deveroping. This
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may be the reason tþat the present Nuus are higher than

the ones from [f O] . The heated. length of this prelirnary

test section was ?.32 ft and the last two wall tempera-

t¿res were influenced by the end effects due to axial

wall-heat-conduction. Howeveru this piece of tube was

intended to learn ttre technique of the temperature mea-

surement used to evaluate the local Nusselt numbers

rather than to study the local Nusselt numbers for

smooth tube.

Ttre solid line of Fig, 24 is based on the following

correlati.on d.eveloped in Ref. [fZ] o a

t- L - u*- L'i1\o'265ì 
.fa

N,r = 

L* 

rr' . |,*5(#"''"'l ] ß5)

lfiis comelation was proposed for fully developed

laminar flow heat transfer in horizontal tubes with

3xLo4< R"f. 106, 4 <Prr< t?Su and 2 <wf< 66, The

tube walI parameter Pw is defined as¡

.^2NUH\Âr=l , 
ße)

Mreres h is ttre heat transfer coefficient,

D is the inside dianneter of the tube,

k* is the tube-walI thermal conductivity, and

t is the thickness of the tube wall.
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The mod.ified tube wal} parameter Pwo is given by

a

Pw-=Pw/Nu

I= T*:T ß?)

where k is the fluid thermal conductivityr and the

nodified Grashof number is defined as

J$Gr =GrNu

=ff# 
(38)

tt
where q is the uniform heat flux.

Ihis time, the present experimental Nusselt

numbers are 5 to J8/" Lower than the correlation of

[f O] . The agreement is fair. The reason may be that

Pw of the 21 runs are in the range of 56 to 110 which

is about 2.ll times i.n average higher than the range

from the correlation. It may also be because the

Rayleigh numbers of some of the runs are higher than

the m.nge of Rayleigh numbers of the correlations 
"

5,5 Conclusions and .Recommendations fo.r Further

Exoerimental Studies

(1) Since the present erçerinental Nusselt numbers

agree reasonabl-y well with some of the eorrelations
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for water [fe "na Lil, this eqperimental facility is

recornmended for the f\rture study of the heat transfer

performance of internally finned tubes 
"

{2) In the d.eveloping regionu the loca1 Nusselt numbers

exhibit a reasonable behavj-or as shown in Figs. LB

to 22. There Should be more thertnocouples in the

beginning of the heated section because of the r"apid

change of temperature. l'his is also recommended

in futr¡re studies " In fact, it is recommended to

have four ther"mocouples around the tube to measure

four circumferential waIl temperatures at the same

tongitudinal locationsn if possible.

(3) It is necessary to consider the effects of axial

wall-conductionu especially in the beginning and at

the end of the heated secti-on.

(þ) The fluid properties change along the heated section

and. the effects on the computed heat teansfer results

should be noted. TheaT of the tested fluid is re-

commend.ed not to exceed zOoF to avoid the strong

influences of fluid ProPerties.
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APPENDIX A

Values of fRe and Nu for fnternally
Finned l\¡bes

Table A1 fRe for both straight [?] and helicaf [ff]
finned tubes, (p=3o¡.

M

H
l+ I L6 24 3z

o,2 Straight 20.48 25.t0 32,35 36 "tL 37,8L
tleIr-cal- ¿1.+ 25,9 32,7 -)6 

"L 37,8

o.¿l Straight 32 "62 56,53 9l+,90 111 .8 118.8
Helical 4?.7 64.2 )6,) LL'¿ Lt9

0.6 Straight 56.9t+ t42 "o 355.6 507.3 5BO.g
HEI]-CAT 8+.0 L67,0 363.0 50? 56L

O,7 Straight ?t "77 L97 "7 662.0 L253 t682
Hel.lcaI 108.0 236,O 679,0 r253 L662

0"8 Straight 82 "86 232,7 973,5 27 58 5682
Hel-ica1 tzg.O 279.0 1003.0 2? 58 5682
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Table A2 Nusselt numbers for straight finned

tubes [f O-l unaer B.C, ]., (P=3o) 
"

l+ I 1_6 24 32

9,2 1 3,792 3,834 3 "738 3.674 3 "658
@ 3.8L9 3,874 3,77Ú. 3.689 3.660

0.4 1 4.45+ ¿r.480 3.gtt 3.7t8 3,664
æ +.770 +.?87 +,023 3.7 57 .676

0"6 1 6,650 7.689 5.t32 4,09 5 3.?6L
@ 6.930 g "r57 5,376 +.L 5t 3,77 5

0.7 1 8.579 t4,59 8,729 5,232 4,092
æ L+,77 20.8t 9,L+3 5"?90 + "LO3

0"8 L 9.254 t7 .56 29.95 LL.97 6.o7t
@ t6 "09 35.29 3L,68 t2.06 ó.080
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Table AJ Nusselt numbers for both straight [g]
and helical þtJ fin¡red tubes under B.C. Zo

( 
P =3o) '

M

K
4 I L6 24 32

0,2 L Straight 4.548 4.626 4,1+92 4,3?j 4.i39
@ Straight 4,685 4.796 4,6t9 4,Vss t+,39L
@ Helical 4,28 4.8? 4"62 4,46 4"39

0.4 1 Straight 5.539 5.gtt L+,8L6 4.LLt 4,3L3
oo Straight 6,34r 6.819 5.263 4.6i? 4,Lr'44
o Helical 8 "L2 7 ,57 5,3+ 4,64 +.+4

0.6 1 Straight B.Lta 11 .1.4 7 .596 5,2L3 4.5o2
@ Straight t2,4t t9.57 9,52L 5.773 4.762
@ Helical 2L,6 24.7 9,76 5 "7? L+.?6

0.7 1 Straight 9.685 L6 "82 16. Lo 7.986 5.239
@ Straight t7 ,57 l+0,6t ?5,59 9.428 5.6?4
@ Helical 32,5 52,2 26.7 9 .43 5.6?

0,8 1 Straight to,45 L9.2? 37 "98 28.53 10,91
@ Straight t9.74 +5"59 t06.5 45.89 L2.69
@ Helical 37"5 60 .6 1.14¿0 45.9 L2.?
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APPEND-IX B

Experimental ànd Computed Data

Run 1

Conditions

Test fluid mass flow rate, oi = t?O l-b*/nr

Total rate of electricat heat input, Qe = 2O5O Btu/hr

Total rate of heat gain by the test fluid, Qw.= 1980 Btu/hr

Percentage of heat balance error = 3,8 y'"

Inlet temperature of the test fluido T, = ?6.5 oF

Outlet temperature of the test fluid, T" = 88.2 oF

Ir,lean temperature of the test fluid, T* = 82.3 oF

Average Re¡mo1ds number, R"rn = IL9O

Average Prandtl number, P"* = 5.76

Rayleigh number (na¡ at exit = 6.3? x tO6

local lUeasurepents and Computed Data

Location
xo ft ).t6? 0 .502 o.676 o.837 1 .00 L "t6 r "i4 L,6? 1 .84 2 "OO

Ì¡trall Temp.
T"OFw' LOa,3 tog.9 Ltr.7 x.lt . I L13.5 tL3.5 t!5.5 Lt6,? 116.8 LL6.4

Fluid Temn.
tF On'b' À 77 "3 79.0 79.9 80.7 81 .5 82 "3 83.2 84.g 85. B 96.6

Dimensionless
_*_?l,oc" x LO r ).?7L 0.82 1 .10 L.37 t.63 1 .90 2 "20 2,74 3,03 3 "30

Local Nussult
Number, Nr* 3L.t 25 "t 24,3 2l+.& 24,L 24,7 23.8 24,1 2l+,8 25.6
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Run 2

Conditions

Test fluid mass fl-ow rate, ,i, = 2t9 Lio*/ht

Total rate of electrical heat input, Qe = 2O5O Btu/ht

Total rate of heat gain by the test fl-uid, Qw.= 2OO0 ntu/nt

Percentage of heat balance error = 2.5 %

Inlet ternperature of the test fluido Ti = ??.tol
Outlet temperature of the test fluido T" = 86.3'oF

iWean temperature of the test fl-uid, T* = 8L,? oF

Average Re¡molds number, R"* = t52O

Average Prandtl number, P"* = 5.81

Rayleigh number (na¡ at exit = 8.32 x to6

Local- Meas.urements Ernd Computed Data

Location
xr ft ).t6? o .502 o.6?6 0.837 1 .00 t.t6 t "i4 t.6? 1 .84 2 "OO

Wa11
mtwt

Temp.
oF 100 ,9 108"5 110.4 110 "8 LL2-4 L!2" 5 L4.2 Lts .4 Ít6

Fluid lemD.
m Or¡
'b, r' ?7 "B 79 "t 79 "8 80.4 81 "0 81 "7 82 "4 83.7 94.4 85 "O

Dimensionless
_*_?Loc" x t0 r ) "zto 0.623 0,852 L.06 t,26 L "47 t,70 2.L2 2.34 2,54

Local Nussult
Number, Nr* 33 "9 26,7 25"5 25.? 2l+ "8 25"3 24"5 24.5 ?4.8
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Run 3

Conditions

Test fluid mass fLow rate, tït = 2?3 lU^/nr

Total rate of electrical heat input, Q" = 259O Btu/hr

Tota] rate of heat gain by the test f1uid, Q*.= 2490 Btu/ht

Percentage of heat balance error = 3"9 %

Inlet temperature of the test fluid, Îi = ??.1+ 
oF

OutLet temperature of the test fl-uid, T" = 86,5 oF

I\lean temperature of the test fluid, T* = 82"0 oF

Average Re¡molds number, R"m = tgt0

Average Prandtl number, Prm = 5.79

Rayleigh number (na) at exit = 1.00 x LOz

Ioçef MeeS

I-,ocati-on
xn ft c "t67 o"502 o,6?6 o "837 1 .00 T "L6 t "i4 t "6? 1 ,84 2,00

btra1I lemp.
fTt OI1
'wt t L}l+ "2 tt3 "6 tt6.2 tL6.6 118.4 ttg,t LÐ,6 121"7 122,A

Fluid TemD.
Tbu o¡ 78 .0 79 "4 80"0 80 "? BL "3 82"0 82.? 84.0 g4,6

Dimensionless
_'*_?Iroc. X 10 ¿'

" 
168 o .507 0 ,684 0"8þ8 1 .01 1 .18 t,36 t,7o 1"88 2,04

Loca1 Nussult
Number, Nr* 37,3 28"5 26.9 27.t 26 "2 26 "2 25.6 25,7 25.8
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Run þ

Condi tions

Test fluid mass flow rate, rir = 222 Lb-/hr
m'

Total rate of electrical heat input, Qe = 2640 Btu/hr

TotaÌ rate of heat gain by the test fluid, Qw.= 2550 Btu/hr

Percentage of heat balance error = 3.6 %

Inl-et temperature of the test fluidu Ti = ?8"5 oF

Out1et temperature of the test fLuidu Te = 9O.OoF

Ilean temperature of the test fluido T* = 84,2 oF

Average Reynolds number, R"m = 1590

Average Prandtl numbero P"* = 5,62

Rayleigh number (na¡ at exit = 1.0þ x 1OÊ

I,pçal Eeaqurements and Comput

Location
xo ft ),L6? o .502 0,6?6 0,837 1 .00 L "L6 L.34 !.67 1 .8þ 2,OO

tVa11 Temp.
T"OFw- 106.8 tt6 "L 11.8 

" 3 ttg.6 L20"2 LZL.5 L?2"6 123.6 L23"4 L23"4

Fluid Temn,
m Or¡tb, I' 78,8 79.9 80.4 8L "0 81 .5 82 "O 82"5 83.6 84"1 Bl+ "6

Dimensionless
_*_?Loc. x 10 ¿' )"208 o "626 0 

" 
8¿r4 L "O5 t "25 t "45 1 .68 2.LO 2.32 2" 52

Local Nussul-t
Number, Nüx 35.7 2? .5 26 "3 25.7 25.7 25.L 24.? 24.8 25.2 25.5
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Run 5

Conditions

Test fluid mass flow rate, tïr = 22? Lb*/hr

Total rate of eLectrical heat input, Qe = t?OO Btu/hr

Total rate of heat gain by the test fluid, Q*.= L63O Btu/hr

Percentage of heat balance error = þ"0 %

fnlet temperature of the test fluid, Ti = ?8.3 oF

Out1et temperature of the test fluid, Te = 85.6 oF

illean temperature of the test fluido T* = 82"0 oF

Average Re¡molds number, R"m = t55O

Average Prandtl number, P"* = 5,79

Rayleigh number (na¡ at exit = 6.?4 x 106

Local l{easurements and .Computed Data

T,ocati on
xr ft ).L6? o ,502 0,6?6 0.837 1 .00 T.L6 L "34 T,6? 1; 84 2,00

I¡laII lemp.
moÏatwt r 97 .5 LOþ.: L06"1 to7 "2 LVl.7 ro&3 109,4 L10,2 tog.6 L@.?

Fluid lemD.¡F ontb' ¡ 78"8 79,9 80.¿t 81 .0 81 "5 82 .0 82.5 83.6 84, 1 94,6

Dimensionless
_*_?!oc. x 10 r ) "2O7 o "62: o "81+2 1,0,|+ L,25 L.45 t,6? 2,09 2 "3L 2,5t

Local Nussult
Number, Nr* 34 "t 25.9 24.8 24 "2 24 "2 24 "L 23,5 23,8 24.8 25,t
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Run 6

Condi tions

Test fluid mass flow rate, i, = Z2Z Lb-/hr
m'

Total rate of electrical heat input, Qe = t35O Btu/hr

Tota1 rate of heat gain by the test f1uid, Qw.= t3t} Atu/hr

Percentage of heat balance error = 3,O %

Inlet temperature of the test fluid, T, = ??.5 oF

Outl-et temperature of the test fluid, Te = 83.4 oF

illean temperature of the test fluid, T, = 8O.l+ oF

Average Re¡rnolds number, Rr* = t52O

Average Prandtl number, P"* = 5.9L

RayÌeigh number (na¡ at exit = 5,3t+ x tO6

L,ocal l\teasurements and Computed Data

Locati-on
x" ft ).L6? o .502 o,6?6 0,837 1 .00 t,t6 L,i4 r.6? 1 .84 2,O0

tnlaÌ1
T*t

Temp.
oF 93,3 gg "4 100"8 LQt,5 101.8 Loz 6 L03,5 104.1 103. j L03"6

Fluid Îemn.
m O'r..b, r.' 77.9 78.7 79.2 79 "6 80"0 Bo .4 B0"g 8r.7 82.I 82. 5

Dimensionless
_lf-?Loc" x 10 r .207 o "623 0"840 1"04 t "24 t "44 t "6? 2 "08 2 "30 2.50

Local Nussult
Number, Nux 33 "3 24.8 23.7 23 "3 23,4 23.Q 22.5 22.? 23,8 24.t
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Run 7

Condi tions

Test fluid mass flow rate, oi = 222 lUor/frr

Total rate of eLectrical heat input, Qe = IOAO Btu/hr

Total rate of heat gain by the test fluid, Q*.= 9?5 Btu/hr

Percentage of heat bal-ance error - 4,8 %

Inlet temperature of the test fluid, Ti = ?s"?oF

Outlet temperature of the test fluid, Te = 8O.1oF

Mean temperature of the test fluidu Tm

Average Re¡mold.s number, R"* = 1480

Average Prand.tl number, Pr, = 6,Lt

= ??'g oF

Rayleigh number (na¡ at exit = 4"06 x to6

T,oca1 I'teasurements and Computed Data

Location
x¡ ft ) "L6? o ,502 o,6?6 0,837 1 .00 1.16 L "i4 L.6? 1 .84 2.OO

ütralI Temp,
rn OEtwt I 87,9 93 "2 95,2 95.2 95"5 96 "L 96,8 9?,4 96,g 9?.O

F1uid TemD.
m Or¡.bo I' 76,0 ?6.7 77 "O 77 "3 ?? "6 77,9 78,2 78.g ?9.2 79,5

Dimensionless
_*_?!oc. x 10 r .206 o,62L o,837 1"04 t "24 t,44 1.66 2.O7 2,29 2.49

Local Nussult
Number, Nr* 32,2 23.2 2L,t 21.4 2L.3 2l "o 20.5 20,7 2t,5 2L,8
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RuIr 8

Condi tions

Test fluid nass flow rate, tir = 222 IA-/nr
m'

Total rate of electrical heat input, Qe = 34t Btuþr
Total rate of heat gain by the test fluid, Qw.= 3?L Bbu/hr

Percentage of heat balance error = 5"8 %

Inlet temperature of the test fluid, Ti = ?t+,6 
oF

Outlet temperature of the test fl-uid, T. = ?6.L oF

illean temperature of the test fl-uid, T* = ?5.4 op

Average Re¡mo1ds number, R"* = t43O

Average PrandtL number, P"* = 6,32

Raylelgh number (na) at exit = !,4g x 106

Local lüeasurements and Computed Data

Location
X" ft ),t6? 0 .502 o,6?6 0.8?'7 1 .00 t,!6 L "i4 r "6? 1 .8þ 2.00

Wall Temp.
T.OFw' 78"8 BL "3 81 .B 82,3 92.4 82"8 83.2 83,þ 83.0 83.t

Fluid Temp.
mOn,bt I' 74.8 7 5.O 7 5,t 7 5u2 75"3 7 5,4 7 5,5 7 5.7 7 5.8 75"9

Dimensi-onless
_:F_?
l,OC. X 10 r ),206 o,6tg o "834 1"03 L.23 I.l+3 t.65 2,06 2 "27 2.47

Local Nussult
Numberu Nux

I

31.7 20 "t 18.9 t7 "8 t7.B L7 "t t6,5 L6.5 t?.6 t?.6
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Run 9

Conditions

Test fluid mass flow rate, ft = 222 LU*/hr
m'

Tota1 rate of electrical heat input, Qe = L?tO Btufttr

Tota1 rate of heat gain by the test fluid, Qw.= L?3O Btu/hr

Percentage of heat balance error = L,3 %

Inlet temperature of the test fluid, Ti = ?3,8 oF

Out1et temperature of the test fluidu T" = ?L+,5 
oF

illean temperature of the test fluidu T* = ?4.I oF

Average Re¡molds number, R"* = 1410

Average Prandtl number, P"* = 6.43

Rayleigh number (na) at exit = g,33 x tO5

l,oqal Uegsufements and Computed

Location
xc ft ),t67 o .502 0,676 o.Bi? 1 .00 t.t6 L "i4 L "6? 1 .84 2,00

i¡trall femp.
mOE*w' I ?6,2 77 ,5 77 "9 78.2 78,4 ?8.6 78.9 79.L 79,L 78 "g

Fluid Temn.
m Or¡tbt I' 73,8 73 "9 74.0 74.0 74.1 74 "r ?4.2 ?4 "3 74,4 ?4,4

Dimensionless
_*_?
l,OC. X 10 r ).206 0"618 o "832 t,o3 t "23 t.43 !.65 2,06 2,27 2.1+6

Loca1 Nussult
Numbero Nr* 28.4 18.9 t7 .5 t6.? L5.8 t5.t Il+,5 L4,2 tI+,5 L5,t
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Run 10

Condi tions

Test fluid mass flow rate, oì = tti Lio*/ht

Total rate of electricaL heat input, Qe = 2560 Btu/hr

Total rate of heat gain by the test fluido Qw.= 24BO ntu/hr

Percentage of heat balance error = 3,t %

In1et temperature of the test fluid, Ti = ?L,2 oF

Out1et temperature of the test fluidu Îe = g3,L oF

Illean temperature of the test fluid, T* = 82"2 oF

Average Re¡molds number, R"* = 793

Average Prandtl number, P"* = 5.77

Rayleigh number (na¡ at exit = 1.00 x to?

Loc4l Me4surements and Compute

Location
x¡ ft c.t6? 0"502 o.6?6 0,837 1"00 r.t6 r "i4 L "6? 1 .84 2.OO

VüaIl Temp 
"T.OFw' L05"2 LT3,7 115.8 Lt?.L '-L7.9 Lt9,3 tæ.4 L22,2 L2,.t t22,2

Fluid Temn.
mOn.b, I 72 "8 76.0 7?.6 79,t 80.7 82.2 83,g 87 "O 88.6 90.1

Di-mensionless
_'s_?loc. x 10 ¿' >.4o2 L,2t t,64 2"04 2.1++ 2.81+ 3 "29 4 "tz 4,55 5.OO

Local Nussult
Numbern Nux 30 "2 25"8 25,4 25"5 26,O 26 "O 26 "4 27,2 28,5 29.6
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Run 1L

Conditions

Test fluid mass flow rateu ñ = Lt3 l-bnllnt

Total rate of electrical heat input, Qe = t?40 Btu/hr

Total rate of heat gain by the test fl-uid, Qw.= l'680 Btu/hr

Percentage of heat balance error = 3.3 %

Inlet temperature of the test fluid, Ti = 7t,6 oF

Outlet temperature of the test fluidu Te = 86'5 oF

Mean temperature of the test fluidu T* = ?g.O oF

Average Reynolds number, R"* = ?65

Average Prand.tl number, P"* = 6,0à

Rayleigh number (na¡ at exit = 6,58 x 106

Local Mea-surements a$d Computed

Location
xe ft i.t67 0 .502 o.676 0.837 1.00 t.t6 L,i4 r,6? 1 .84 2,OO

Wall Semp.
T.OFw' 96,3 L02.7 104.þ t05.5 [06.0 LV7,O 108" 0 109.0 108. B 1OB. B

Fluid lemD.
Tb, oP ?2.7 74,8 ? 5,9 ?6.9 ?8.o 79.O B0 .2 82.3 83.4 Bþ.4

Dimensionless
Loc " *o 1o-3 þ"'no' t ,2L .r.64 2,03 2.43 2.8? 3.27 4.08 4.5L 4,gL

L,ocal Nussult
Numberu Nux 28 "2 23 "8 23 "2 23,L 23.6 23 "6 23.7 24,6 25.8 26,?
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Run 1-2

Condi tions

Test fluid mass fLow rate, tït = tL3 Jlo*/hr

Tota] rate of electrical- heat inputo Qe = toão Btu/ht

Total rate of heat gain by the test fluid, Qw.= )8J Btu/ht

Pereentage of heat balance error = 3.8 %

Inlet temperature of the test fluid, Ti = ?L'5 oF

Outlet temperature of the test fluid, Te = BO"2 oF

illean temperature of the test fluid, T* = ?5.8 oF

Average Reynolds number, R"* = ?37

Average Prandtl number, P"r = 6'28

Rayleigh number (na¡ at exit = 3,8g x tO6

T,ocal lüeasurements and Computed Data

T,ocation
x" ft ).L6? 0 .502 o.6?6 0.83? 1 .00 t.!6 t "i4 r "6? 1"8¿, 2 "OO

Wall Temp.
T.OFw' 87.3 9t.9 93.0 93.7 94,2 9l+,8 95,4 96.o g 5,9 g 5,9

Fluid lemn.
mOntb' ! 72"t ?3 "4 ?4.o 7l+'6 7 5.2 75"8 76"5 77,? 78.4 79,0

Dimensionless
_'Ë_?Loc. x 10 r ) "401 L.2L t,63 2 "02 2 "42 2 "Bt 3.24 4.0 5 4 "42 4.96

Local Nussult
Number, Nux 25.7 2t "o 20,4 20 "3 20 "4 20 "4 20"5 2L "t 22 "2 23,0
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Run 13

Condi tions

Test fluid mass fl-ow rate, ñ = tI3 h*/hr
Total- rate of electrical heat input, Qe = 34t Btu/hr

Total rate of heat gain by the test fluid, Q,r.= )L) Btu/hr

Percentage of heat balance error = 6,5 %

Inlet temperature of the test fIuid, Ti = ?1"3oF

Outl-et temperature of the test fluid, Te = ?4.! oF

illean temperature of the test fluid, T* = ?2.? oF

Average Re¡molds number, R"m = ?tO

Average Prandtl number, P"* = 6.55

Rayleigh number (na¡ at exit = !.43 x 106

Ï,eçel [[e¡1EU

l,ocation
xo ft .L6? 0.5o2 0.676 o.837 1"00 r.t6 r "j4 L.6? 1 .8þ 2.OO

Wall femp.
rn OËr*w' I 77 "3 79 "4 79.9 80.3 80.5 80 .8 81 .0 BL.3 81 "0 81 "0

Fluid TemD.
Tb' oP 7t"5 7t,9 72.1 72.3 72"5 72.7 72.9 73 "3 73,5 73.7

Dimensionless
_:F_?Loc. x 10 r ).401 t.2t t "62 2,Ot 2 "40 2.?9 3 "22 4 "oz 4,43 l+r8z

local Nussull
Numberu Nux 2L "8 t6.g L6 "z 15.8 L5.B t5"6 t5,6 L 5.7 t6.B L7.2
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Run 14.

Conditions

Test fluid mass fl-ow rate, tit = tt3 Lb¡lhr

Total rate of electrical heat inputo Qe = t?to Btu/hr

Total rate of heat gain by the test fluid, Qw.= L?50 Btu/hr

Percentage of heat balance error = 2.8 %

Inlet temperature of the test f1uid, T, = ?!"}oF
Outlet temperature of the test fLuido Te = ?2.8 oF

Mean temperature of the test fluid, T* = ?2,O oF

Average Re¡mo1ds number, R"* = 7O4

Average Prandtl number, P", = 6'62

Rayleigh number (na¡ at exit = 8"83 x 105

Local ltleasurements and Computed Data

Location
xr ft ),L67 o .5o2 0,676 0.837 1.00 T,L6 t.34 L.6? 1 .8¿l 2,OO

Wall femp.
tTt OEr¿arw' 7l+ "6 ? 5.9 ?6,3 76,6 76,7 76.9 7?,O ?7.2 77.2 77.2

Fluid TemD.
m O¡¡.b, I' ?I "3 7L"5 7t,7 7!,8 7L "9 72 "Q 72 "! ?2.3 ?2 "4 72"5

Dimensionless]
_ tf _?!oc. x 10 r c"þ01 L,2! r "62 2,OL 2.40 2.79 3,22 4" 01 4 "42 4.81

Local Nussult
Number, Nr* 2t,t t5.8 t5"L t4" 5 t4"5 t4.2 t4,2 t4.z t4"5 1¿{." B
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Run 1(

Condi ti-ons

Test fluid mass flow rate u tï, = gZ "4 lb/hr
Tota1 rate of electrical heat inputo Qe = 2590 Btu/hr

Total rate of heat gain by the test fluidu Qw.= 25OO Btu/hr

Percentage of heat balance error = 3.6 %

Inlet temperature of the test fluidu T, = ?3,3 oF

Outlet temperature of the test fluid, T" = 100.4 oF

Mean temperature of the test fluid, T* = 86.8 oF

Average Reynolds number, Rê* = 682

Average Prandtl number, P"* = 5,4?

Rayleigh number (na) at exit = !,L3 x LO?

l,ocal Meqsurements and Computed

Location
x. ft ).L6? o.502 o,6?6 o,837 1 .00 T "L6 L "i4 L.6? 1 .84 2.OO

WaIl Temp.
T.OFw- [08"6 LL?.2 Lt9 "3 120.8 LzL.8 L?j4 Ld+.6 126 ß 127 "l LzB "C

Fluid TemD.
Tb, oP ?5"2 79,L 81.L 83 

"O
84 "g 86.8 89.g 92.8 94,? 96.6

Dimensionless
_*_?IrOC" X 10 r t+ 

"95 t.50 2 "02 2.52 3.Ot 3,5L 4 "o? 5.LO 5 "64 6"t5
Local NussuÌ1
Number, Nr* 29 ,5 25,7 25.5 25.7 26 "3 26.4 27,? 28 "t 29,4 )0.3
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Run t6

Condi tions

Test fluid mass flow rate, tit = 92.? Lb*/hr

Total rate of electrical heat input, Qo = t?OO Btu/hr

Tota'I rate of heat gain by the test f1uid, Qw.= t660 Btu/hr

Percentage of heat balance error = 2,5 %

In1et temperature of the test fluid, Ti = ?3,4 oF

Outlet temperature of the test fluid, Te = gL.3 oF

Mean temperature of the test fluidu T* = 82.4 oF

Average Reynolds numbero R"m = 650

Average Prandtl number, P"* = 5"76

Rayleigh number (na¡ at exit = ?.0 x 106

Local lì[easurements lind Computed Data

Locati-on
x¡ ft ) J6? o .5o2 o,676 0,837 1.00 t "L6 L "i4 r.6? 1 .8þ 2 "O0

t¡trall temp.
T.OFw- 98"5 104"9 t06.6 to? .5 108" 2 LOg,4 110.3 11L.6 .tL7 111.8

Fluid Temn.
rF on-bt ¿ 7I+ "7 77,3 78.6 79 "9 B1 ,L 82.3 83.7 86,3 8?,6 88. B

Di-mensionless
Loc. *o 1O-3 ,.493 ! "49 2 "Ot z.l+g 2.99 3,1+7 l+.oz 5"03 5.55 6.05

Local Nussull
Numbero Nüx 2? .4 23.6 23 "2 23,5 23 "8 23,8 ztl, "2 25 "3 26,9 28.2
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Run 17

Conditions

Test fluid mass flow rate, ñ = 93 "O Jb*/nr

Total rate of electrical heat inputu Qe = 1030 Btu/hr

Total rate of heat gain by the test fluid, Qw.= 1000 Btu/ht

Percentage of heat balance error = 2"7 %

Inlet temperature of the test fluid, Ti = ?3,4 op

OutLet temperature of the test fIuid., T" = 84'2 oF

Illean temperature of the test fluido T* = ?B.B oF

Average Re¡molds number, R"m = 625

Average Prandtl number, P"rn = 6"04

Rayleigh number (na) at exit = 4.19 x to6

Local Measurements and Computed Data

Location
x" ft ) "16? o.502 0,6?6 0,837 L .00 r.t6 L.il+ L.6? 1 .8¿l 2,OO

hlal-L
T*'

lemp.
oF 89.g 94.t+ 95"5 96.3 96.7 98.0 gB.g 98,g 98.8 98. B

Fluid lemo.
m Or¡.b, I' 74,t 7 5,7 76,5 77.2 78"0 78 "8 ?9.6 81 .1 8t ,9 82 "7

Dimensionless
Loc. ** 1o-3 't "þgt 1"48 2 "OO

2.47 2 "96 3 "44 3.98 4.97 5.1+8 5,97

Local Nussull
Numberu Nr* 2g "0 2t "t 20.7 20 "6 2L.O 20"5 20.3 2L.9 23.1 24.2
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Run 18

Conditions

Test fluid mass flow rateu å = g3'O LV^/nt

Total rate of electrical heat input, Qe = t?? Btu/hr

Total rate of heat gain by the test fluid, Q,".= 181 Btu/hr

Percentage of heat balance error = 2,1 %

Inlet temperature of the test fluidu Ti = ??,'5 
oF

Out1et temperature of the test f1uid, Te = ?5,5 oF

Mean temperature of the test fluid, T* = ?4,5 oF

Average Re¡mo1ds number, R"m = 595

Average Prandtl number, P"* = 6.þ0

Rayleigh number (na¡ at exit = g,IB x tO5

T,-ocal l'{e.asure$ents and Computed Data

Location
x. ft ).t6? 0.502 0.6?6 0.837 1 .00 t.L6 L.34 L.6? 1 .84 2.00

Wall Temp.
T.OFw' 77 "2 78,6 78 "9 79 "t 79 "2 ?9,4 79 "6 79,7 79,6 ?9,6

Fluid Temn.
rF on'b' 73,6 73,9 74.L 7Lt'.2 74 "3 74,5 ?4 "6 74.9 75"0 75"2

Dimensionless
Loc, *o 1o-3 ).49t 1,48 t.99 2,l+6 2 "94 3 "4t 3 "94 4.92 5.42 5,Bg

T,ocal Nussult
Number, Nüx 19.8 t5.2 t4,g L4.6 tl+ "6 t4.6 t4,3 tl+ "9 15"5 L6.2
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Run 19

Con-ditions

Test fluid mass flow rate, ,ï, = 52.4 fbr/nr
Total rate of electrical heat input, Qe = ttg} Btu/ht

Total rate of heat gain by the test fluido Qw.= tt6T Btu/ht

Percentage of heat balance emor = 2,8 %

Inlet temperature of the test fluidu Tj- = ?3'g ôp

Outlet temperature of the test fluid, Te = g6,t oF

Mean temperature of the test fluid, T* = 85"0 oF

Average Re¡molds number, Rê* = 379

Average Prandtl number, P", = 5,56

Rayleigh number (na¡ at exit = 5,55 x to6

Loca1 Measurements and Computed Data

T,ocation
x. ft ) "!6? o ,502 0,6?6 0.837 1 .00 L.t6 r "i4 T,6? 1 .84 2 "OO

Wall Temp.fn or.twt r 9lr.-.7 100 .0 TOL "6 t02.7 L03,6 L04,7 to6"2 108.6 [08" 7 tog "6

Fluid TemD.rF on
'bt 7 5.5 78.7 80"4 8! "g 83,5 85"0 86 "7 89 "g

gr .5 93,o

Dimensionless
Loc, ** 1o-3 ),874 2,64 3.57 l+.43 5,30 6.t7 7.15 8.95 g,8g 10"8

local Nussult
Numberu Nr* 23,8 2t.4 2t,4 2L,8 22"5 23 "7 23 "O 23,9 25,9 26.7
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Run 20

Condi tions

Test fluid mass flow rateu ,i, = 52.4 lbro/nr

Tota1 rate of electrical heat input, Qe = 689 ntu/nt

TotaÌ rate of heat gain by the test fluid, Qw.= 664 ntu/nt

Percentage of heat balance error = 3"6 %

Inlet temperature of the test fluid., T, = ?4"2 oF

Outlet temperature of the test fluidu Te = 86.9 oF

Illean temperature of the test f1uid, T, = 80"5 oF

Average Re¡mo1ds number, Rêm = 359

Average Prandtl number, P"* = 5'90

Rayleigh number (na¡ at exj-t = 3.!2 x to6

Local Measurements and Computed Pata

Locati.on
x" ft ).L6? 0.502 0.6?6 0,837 1 .00 t,L6 L "i4 L.67 1 .84 2.OO

Wal-I Temp.
T"OFw' 87.2 90.8 91"8 92"5 93.o 93"g 94.7 g 5,8 96,o 96.2

Fluid TemD.
mOntb' r 75"t 76.9 77,9 78.7 79.6 B0 .5 81 .5 83 "3 84.2 85"1

Dimensionless
Loc " ** 1o-3 ) "873 2.63 3"55 4"40 5,27 6.rz 7 .08 8"85 9 "77 to "6

local Nussult
Number, Nr* 2t,6 18"8 18"? LB "7 19,4 Lg"5 tg,6 20,7 2L,8 23 o2
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Run 21

Conditions

Test fluid mass flow rate, oi = 52.4 lb*/nr
Total rate of electrical heat input, Qe = t?t Btu/hr

Total rate of heat gain by the test fluid, Qw.= t83 Btu/hr

Percentage of heat balance error = ?.3 %

Inlet temperature of the test fluid, T, = ?4"5 og

Outlet temperature of the test fluid, T" = ?8.O oF

Illean temperature of the test fluidu T* = ?6"3 oF

Average Re¡molds number, R". = 3l+2

Average Prandtl numberu P"* = 6.25

Rayleigh number (na¡ at exj-t = 8"oz x Lo7

Local Measurements and Computed Data

Locati-on
x. ft ).16? o ,502 o,676 0,837 1 .00 I,t6 L.il+ t "6? 1 .84 2,00

ütra1l Temp.m Or.¿a!w- ?8.7 80 .0 80"3 80"6 80,7 B0, g L.2 81 .4 81,4 8t.3

Fluid Temp.
mOn
'b, r' 7\t."8 7 5,3 75"5 75"8 ?6.0 76.3 76,5 77.O 77,3 77 ,5

Dimensionless
_ lt -?Loc. x 10 r .872 2 "62 3.54 4,38 5,24 6"08 7.02 8.76 g,65 ro.5

Local Nussult
Number, Nr* L8"5 t5"4 t5.o t5.o t5 "3 t5.6 L5.3 t6 "4 L7 "6 1B "g
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APPENDIX C

Sapple. .Calculations for Test Run 1

Both the experimental data and some of the computed re-

sults are listed in Appendix B. The method and procedure of

the data reduction for Test Run 1 are demonstrated here.

The raw data of Run 1 are as foll-ows ¡

Total rate of heat input, Q"=20J0 Btu/ht

In1et bulk temp., Tr=?6.5 oF

Outlet bulk temp., Te=88.2 oF

Test fluid mass flow rate, rir=1/0 lb*zZnr

Measured Tube-wall temperatures s

I
t 
oHt

102.3
t09.9
ttt.7
111 .8
tt3.5
Lt3,5
tt5,5
tt6.?
1L6.7
Lt6,4

uniforrn heat input axiallyu the bulk

fluid increases linearly along the heated

the loca1 bulk temperature can be

x(rt¡
o J6?
0 .5o2
o "626o.83?
0 .100
L.t6
t ,34
L.6?
1 .84
2,00

Because of the

temperature of the

length. Therefore,

calculated as:

Tb = Ti + x(T"-Ti) /L
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where L is the heated length.

Tb = Ti + *(T"-Ti) /z.iz
For example, at x = O.t6? ft, we get

Tb = ?6.5 + 0. L6? (BB 
" 
2 ?6 " 5) / Z,3Z

= ??.3 oF

The mean fLuid temperature is T* = (Ti + T") / z

T,o = (?6.5 + 88. 18) / z

= 82,3oF

Fl-uid properties at T, are r

cp = o ,gg8 Btu/ (lu*on)

t = 2"o3 lb*/(nr rt)
K = 0,352 etu/(nr rt on)

Thermal conductivity of the tube evaluated at about l1OoF

K* = 14o Btu/(hr ft o¡')

Total rate of heat gained by the test fluid is
8w

= 1980 Btu/hr

Hence, the percentage heat balance error is

+l .loo=lffil xroo

=3,4 %
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The mean values of Reynolds and Prandtl numbers ares

4;I
^e =4

= ,. !-,(tþ2-tal ,

T(1.O72/t2) 2,03

= tIgO

and u

DÐ -[ 
" to 

],''-L K J'
=W o.352

= 5.76

The dimensj-onless location (*o) u and. 1ocal Nusselt

number (tlu*) are calculated as follow¡

ô Re* Pr*

_ 4I; fR"* = #- (properties are evaluated at T¡)
,b

Í &cn I tPr* = li+l tnroperties are evaluated at Tu)-x 
LÉJ . 

(ProPertiesare

and at x = 0,L67 ft, we get
f

x = 0oOOO27t

re,"li',iu*=mJ,
=

=)I.L
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Other quantities were calculated to compare with some

correlations from B6] and [tZ] " The Nu at x = 1'Bþ ft

is assumed to be the as¡rmptotic value '
'f ew INu = 
l-fl"-qFil- jl *=r .8þ ft =24 'B

also t

[o"o 
r"o 

I x=l.8þ rt

-l *P'3 n*r' 1-t ¡*k Jx=r.B4rt

= B.5B x to6

and

' - I c"" P"1'35 I"-L Pwoo"Zs J*=r.B4ft

where Gr* and Pw* are defined by Eqns,(3?ana 38) respectively.

/, = L.33 x 109 '

This method and procedure were repeated to calculate

the rest of the results for the other 20 runso


