HEAT TRANSFER IN ANNULAR PASSAG



TURBULENT FORCED CONVECTION HEAT TRANSFER
IN

ANNULAR PASSAGES

By
ROSS LEONARD JUDD, B.E.Sc.

A Thesis
Submitted to the Fasulty of Graduate Studies
in Partial Fulfiient of the Requirements
for the Degree

MarSer of Engineering

MMaster Urd.veetSLty

May 1963



MASTER Of ENGINEERING (1967?) McMASTER UNIVERSITY
(Mechanical EingineerCng) Haniltonf Ontario.

TITLE: Turbulent Forced Connection Heat Trmsfcr in Aimnlar Passages
AUTHOR: %>ss Leonard Judd, B.E.Sc. (Urnvvesity of Weetern OnnarCo)
SUPERVISOR: Doohor J. H. T. Wade

NUMBER OF PAGES: wvi, 61.

SCOPE AND CONTONES:

An expeerCmeenal study of turbulent forced conv”etion heat
transfer to wsTer flowing Cn a vertCcal annular passage Cs reported
Cn this paper. The study Cive5tCgrtct the ~fluence of eccennricity
(rangCng from 0% to 8CA>) and diameter ratCo (rangCnig from 1,5 to 4.0)
upon the heat transfer phenomena occurrCng at the Cnner boundary of
the anMMMiMr passage.

Dimeensonless heat transfer parameeers calculated from
iecallrciieit made at the two locatC-ons correspondCng to the maximum
and mCnimum separatCon of the Cnner and outer bouniaries of the
annular passage are correlated Cn terms of the ReynooLds numbbr, the
eceinricity and the aCaieeer ratCo. AAnaysis of the correlations
Ciaicatct that eceenricity affects the heat transfer phenomena
occurrCng at the two locations on the Cnner boundary of the annular
passage Cn different fashCons; CncrcrtCig ecceenricity causes the
heat transfer to Cicrcrte at the locatCon correspondC-ng to the

maximum separatCon of the boulniaa'ies and causes the heat transfer

(CC)



to decrease at the location corresponding to the minimum separation
of the bomnaareB. The magrntude of the increase or decrease in
heat transfer is dependent upon the diameeer ratio; at a particular
level of ecceetricity, the greater variations in heat transfer occur
at the smaaier diameeer ratios. Runges in which e:ceetricity does
not influence heat transfer are found in connection with the larger
diameter ratios.

Moody friction factors calculated from ms"E’s*u’eMr~ns made
with concertric anMi™uN™r passages are correlated as a function of

Reynolds nuMbe’.
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1. INTRODUCTION

Although conveetive heat transfer in passages has
many applications in the design of industrial heat transfer equipment
the information avad-lable in the literature concerning heat transfer
in such systems is relatively incomPete. There is little available
information concerning the effect of ecceetricity upon forced con-
vection heat transfer, and the information which is av«a.lable is not
adequate to quuatttatively assess the influence of diameeer ratio
upon forced conveetion heat transfer in ani“u"ir passages. Those
investigators Who have studied forced convention heat transfer in
ecce”~ric annular passages have generally covered the comppete range
of ecceettiiitiet but have not explored the range of diameter ratios
in sufficient deeia.l.

The present paper describes an experimennal study investi-
gating the influence of ecernricity (ranging from 0% to 80%) and
diameeer ratio (ranging from 1.5 to 4.0) upon forced convention heat
transfer to water at the inner boundary of a veetical annular passage.
The ex?<rrimental study was comppised of tests upon nineteen annular
test configurations involving various combbnnaions of five levels of
eccentricity and six levels of diameeer ratio. Heat transfer results
were evaluated at the two locations corresponding to the maximum and

minimum separation of the inner and outer bourndaies of the annular

passage.



Correlations are presented enabling the local heat transfer
coefficients existing at the two locations on the inner boundary of
the anular passage to be evaluated numeeiially. The results of
other investigations have shown that average heat transfer coefficients
in eccentric annular passages do not vary appreciably from average
heat transfer coefficiftts in concennric an"™/i" passages and for this
reason, average heat transfer coefficients are not presented. The
singular function of the information presented is the prediction of
local heat transfer coefficients on the inner boundary of an”i""ar
passages. Heat transfer at the location corresponding to the minimum
separation of the boiunlaaies is of particular interest because this
Is the location whhre excessively high surface temmeeatures are liable
to occur.

In addition, the present paper describes an expefimeenal study
investigating the influence of ecceinricity (ranging from 0% to 80%)
and “~amee”™r ratio (ranging from 1.5 to 2.5) upon pressure drop for
turbulent flow in a vertical annular passage. A correlation is pre-
sented enabling the pressure drop in aoncentria annular passages to
be evaluated nurnmercally for the particular value of relative roughness

involved



2« LITERATURE SURVEY

The influence of diameeer ratio upon the transfer of heat
from the inner boundary of a cornennric annular passage was first
investigated by Foust and Chhrstian (1). From the results of their
experiments involving the transfer of heat to waaer flowing iIn ten
different an™ul®i™r passages with diameeer ratios varying from 1.20
to 2.36, Foust and Chrstian were able to prove the dependence of
the heat transfer process upon diameeer ratio. Subsequenmy, fonrad
and Pelton (2) investigated the transfer of heat to waaer flowing in
three annular passages wth diameeer ratios 1.65* 2.45 and 17 and
derived the folowing correlation

NUjj « 0.020 <ReB)0,8 (Prg)1 (DD/D"0,53
relating the heat transfer coefficients at the inner boundary of the
annular passage to the flow conations and fluid propeeties existing
in the passage. For waaer flowing through a veetical annular passage
with diameeer ratio 1.33» Ca”enner, Colburn, Schoenburn and Wurrser (3)
were able to derive an equivalent correlation involving the viscosity
ratio (p/po_). Stein and Baeem (4) thoroughly investigated the transfer
of heat to waaer flowing in three annular passages ri.th diameeer ratios
1.25, 1.50 and 1.75 and derived the correlation
St> (P§ )3 (ReJO,2 (Do/D1)0,5 . 0.0200

which i1s es3entitll/ the correlation derived by Morad and Pelton.

Deessler and T~ rlor (5) have extended a previous theoretical
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analysis for turbulent veloity and temperature distributions in tubes
to predict turbulent velocity and temperature distributions in an
annular passage. Using the theoretical relationship derived, Deissler
and Ttaflor have predicted the average heat transfer coefficient and

the circumfeeernial variation of the local heat transfer coefficient
for air flowing through an annular passage with dia”™eer ratio 3.5

and various «:ccetrtiCtiiS within the range 0% to 100%. The theoretical
results presented by Deessler and T™ior indicate extreme variations in
heat transfer coefficient around the inner boundary of the annular
passage which are inconsistent W.th the variations measured by other
investigators.

Heyda (6) has developed an ana.ytical procedure based upon a
continuous velocity distribution for turbulent flow near a smooth
wan derived by Van Driest to determine the tempprature field in an
eccentric annular passage. Since Heyda has not applied the ancr.ytical
procedure to solve a practical example, the validity of the theory is
unknown.

Diskind (7) has reported the results of an exeertmeital study
performed at Columbia Urn-writy in which the influence of eccpenricity
upon turbulent forced conv<e:tion heat transfer and pressure drop in
an annular passage wth HamBeer ratio 1.5 was investigated. Waaer
passed vertically upward through an annular passage in diich the
relative location of the inner and outer fssurica could be changed.
The inner boundary of the annular passage was electrically heated.

Heat transfer coeificiints and friction factors were calculated from

measurements of the resulting tempprature and pressure distributions



Diskiud has presented average heat transfer coeeficieuts With sufficient
additional information to evaluate the circur@ifrti"L variation in
local heat transfer coeeficieuts.

Kaure (8) has reported the results of a similar study perfoiuled
it France in which the influence of eccentricity upon turbulent forced
conveetiou heat transfer and pressure drop in three annular passages
Wth diameeer ratios 2.3, 3«3 and 5¢5 was investigated. Air flowing
vertically through an annular passage was heated by an electrically
heated tube forming the inner boundary of the annular passage. The
relative location of the inner and outer bounddales could be changed,
enabling the ecceetricity of the annular passage to be varied. Heat
transfer cieeficieuts and friction factors were calculated from
iee”’sureimnUs of the resulting tempeeature and pressure distributions.
Fau™has presented average heat transfer coefficients and the circum-
ferential variation in local heat transfer coeeficieuts for surface
tnitelatures ranging frcm 80 C to &00°C. In support of tbese heat
transfer results, Faure'has presented velocity and te"m”e”rirture profiles
measured Wthin the annular passage for both conentric and eccentric
arrangements of the bou]euiateies of the annular passage.*

The experimental results presented by Diskind and Fauur'are
in general agreement; the dnpnudnncn of heat transfer coefficient upon
eccentricity iu each case is similar, although a direct comppaisou
cannot be made because of differences in aitieeer ratios. Howeeer,

* Reference (9), an English translation of reference (8) can

be obtained from the Department of aeehaaUial EiginueerLug, MMaster
Untvverity.



the theoretical results presented by Deissler and Taylor are not In
agreeaent with the experimental results presented by either Dield.nd or
Faure'in that the variation in theoretically calculated local heat
transfer coefficients is several tines greater than the variation in
experimentally measured local heat transfer coefficients. The
assumptions which Deissler and Taylor have employed in developing

their theoretical relationship are therefore suspect.



3. TEST FACILITY

A photograph of the test facility used in performing the
exyrrrimental study is shown in Figure 1. The componnnts compprsing
the test facility were arranged to form a closed system, such that
the fluid upon wwich the heat transfer experiments were perfomied
(water) circulated continuously through a pump section, a heater
section, a flow meeer section, a test section and a cooler section.
The arrangement of the various cnmpontnts is shown schemaatcally
in Figure 2.

For purposes of de!scriotiot, the test facility may be
considered to be commpised of two assembl.es, the test rig and the
test section. The function of the test rig was to provide the test
section wth we™er at a regulated flowrate and temaorature; the
function of the test section was to establish velocity and tem’p¢'icure
distributions in the waaer for various airnular test configurations

and to evaluate the corresponding surface heat transfer coeeficients.

3.1 Tt Rig

A Worthington moolel 6GAU gear pump operating at 1750
revolutions/minute discharged wwa>ep at a constant rate of 55 U.S.
gallons/minute for any pressure up to 50 poiuind/square inch which
was the pressure at which the autom’ajic relief valve within the pump
opened. The portion of the flowrate in excess of that required for

a particular test was recirculate through the pump by means of an


assembl.es

external pump bypasu, enabling the rate of flow through the uyutem to
be controlled by the uetting of a meainuaily operated valve. Thiu method
of control proved to be quite adequaae, au the flowrate anuornded
quickly to changeu in valve uettirg and fluctuati-mu in flowrate were
neggigible.

Heat wau added to the waaer in the uyutem au i1t cLrollatld
through the heater umtion. The heat ur~~ce was a Chrommlox merlel
TM612 flanged pipe heater ormmolsnd of uix calrod elemenns, each having
a rated 2000 watt heat output at 230 voltu. The temperature of the
waaer could be regulated by the maanully operated heater controlu
wwich were ur connected that the total heft output could be varied
cottituoluly from 0 waatu to 12,000 waats. The operation of the
heater unction was typical of thiu type of heat tatnhufea equipment
in that relatively long periodu of time were required to effect a
change in tempprature after a change in the control uetti'ng. Howover
it proved possible to predict uyutem heat requirementu for particular
teut co]nlitiotu, enabling the heater uection to be operated uatlLufactoa-
ily.

The waaer flowrate wau measured in a calibrated flow mS<y*
uectLot employing an orifice plate desigead in accordance with the
Britiuh Standard Code for Flow Met*ul'am”ntu (B.S. *043). The
flow meer uectirt, crppoised of a length of utatight pipe uputreM
of the orifice plate, the orifice plate and a length of utrnight
pipe dowistream of the orifice plate was calibrated twice during the
erpeeimeenal utudy. The range of flowratas which the flow meeer

uncti.ot was required to peesura induced differential prauuurau tcrous



the orifice plate varying in maagntuif by a factor of twenty. The
inaccuracies associated with the measurement of the smal™M*ir differential
pressures reduced the precision wth which the smaHer flowrates could
be mfllIru’et,

Heat was removed from the waaer as i1t circulated through the
cooler section. The heat sink was a Helifow 9XF-16S heat
exchanger in which heat was exchanged wth means waaer. The tempera-
ture of the waaer could be regulated by controlling the flow of mains
waaer wth two valves which were installed in parallel upstrem of
the cooler section for this purpose} the larger valve provided coarse
control and the smaHer valve provided fine connicl. Tils mmthod of
connrol proved to be quite satisfactory in that the rate of heat exchange
could be precisely set and melntaltfd. An orifice plate was installed
upstrem of the coiM"™ valves, enabling the mains waaer flowrate to
be mea”surfi so that particular test conndtions could be re-established.

A 5 U. S. gallon capacity head tank was aotn<e3tfd in the
system upstrem of the pump section to lIccommoditf expansion of the
waaer. The head tank was mounted higher than any other point in the
system in order to keep the system flooded during operation and was
vented at the top in order to establish atmospheric pressure in the

system upstrem of the pump section.

J.2 Test Sectoon

The ma’Mrer in which the comments comprising the test section
were assembled is illustrated in Figure 3. An annular passage through

which the waaer circulated was formed between the inner tube assembly
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and the cutter tube assembly. The 0.50” O.D. inner tube assembly, Wich
was common to all the configurations investigated formed the inner
boundary of the annular passage; one of six outer tube assembbies
having diameeers ranging from 0.75” I.D. to 2.00" 1.D. formed the
outer boundary of the annular passage.

Inspection of Figure J Wil reveal that the inner tube assembly
was mounted eccentrically in the housings and that the outer tube
assembly was moornted ecceenrically in the hubs. Tiis offset, which
was identical in each case, enabled the eceenricity of the annular
passage to be varied. The hubs suppprting the outer tube assembly
could be rotated with respect to the housings, carrying the aXLs of
the outer tube assembly around the circumference of a circle. As the
outer surfaces of the hubs were conece”™ically mounted with respect
to the true axes of the housings, the axis of the inner tube assembly
intersected the circle representing the locus of the axis of the outer
tube assembly. Contequeetly, any separation of the axes of the inner
tube assembly and outer tube assembly could be achieved simply by
rotatirg the hubs. When the hubs were so aligned that the axis of
the outer tube assembly coincided wth the axis of the inner tube
assembly, concenricity was obtained.

The effective length of the inner tube assembly consisted of
a stainless steel tube 0.50” O.D. x 0.010” W.T. x 2U” long which was
heated by a heavy electric current. Tests perfomed upon similar
pieces of tubing had indicated that the variations in waai thickness
and resistivity of the stainless steel tube were smaai and consequen”y,

the heat generation per urit surface area could be considered uniform.
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Copper tubes 0.50" O.D. x 0.375” I»D. were silver brazed to the stain-
less steeL tube in order to extend its length and to create an untreated
length in wth-ch fully developed turbulent flow could be established.
The copper tubes conducted the electric current to and from the effect-
ive length. The relative resistivities and cross sections of the tubes
were such that heat generation in the copper tubes did not exceed 0.5?
of the heat generation in the stainless steel tube.

The outer tube assemblies were fabricated from stock plastic
tubes. Six sets of hubs, one for each outer tube assembly were mcahined
from sheet plastic. The outer tube assembbies were minted in the hubs
on rubber ”0” rings which enabled the outer tube assembHes to be rotated
about their respective axes. Each outer tube assembly was fitted mth
two sets of ditmeerically opposed pressure taps tfiich spanned the
effective length and three dial indicator moounings located in line
with the pressure taps.

In order to maannain the nccentt'icit/ uniform over the length
of the test section, support legs were munted on the inner tube
assembly upstream and downstream of the effective length. The support
legB consisted of lengths of 1/8” diameeer plastic rod threaded into
specially meachined supporting rings which were soft soldered to the
inner tube assembly. The plastic legs were m”™hined to length in
accordance with the particular outer tube assembly and separation
being investigated in order to locate the inner tube assembly precisely
with respect to the outer tube assembly*.

*The theory derived for calculating support leg length is
presented in Appe”lix 2.
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In order to confirm the e”cennricity of a particular configura-
tion, measlutiments of the actual separation of the bo“nn“daiis of the
annular passage were made* A dial indicator wth a 2” travel was
mounted in turn in each of the three dial indicator munning8, clamped
in place and rotated wth the outer tube assembly about i1ts axis. The
stem of the dial indicator rode on the inner tube assembly and indicated
a deflection equivalent to twice the separation of the axes of the
inner tube assembly and outer tube assembly for one compete revolution.
These measurements enabled the actual eccenTric-ties to be calculated
at three positions in the effective length.

The power supply for the test section was a Miler mooel
SR 1000 BI direct current welding transformer. The heat generation
in the test section could be regulated by the control ptuvtdid with
the machine enabling stepless continuous variation in heat generation
from 1 kilowatt to the specified value. The capacity of the welding
transformer and the w™age-current chartaCeiistics of the stainless
steel tube were such that a maximum heat generation of approximaaelLy
45 kiLowaats (900 amppres at 50 v=Its) could have been obtained.
Howwevr, the cables used limited the current, and as a consequence the
heat generation in the exeerimeital study did not exceed 14 kilowaats
(520 amppres at 28 voLs). The use of this welding transformer as a
power source proved quite satisfactory in that any specified heat
flux could be achieved simply by settiig the connrol on the wwlding

transformer
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3.3 Test_instrument/™tion

This s™~tim discusses at length the various instruments used
INn measuring the test coniitions pertinent to the investigation of
turbulent forced convdtion heat transfer in an annular passage.

The various taaaoaatpres in the test section were measured
ri.th eighteen thermocouples, three of wiich were stram thermocouples
immmrsed in the waaer upstream of the effective length, twelve of
wwich were surface thermocouples sontwaldai to the inner surface of
the stainless steel tube compprsing the effective length and three
of which were stream thermocouples immersed in the wa™er downstreim
of the effective length. The twelve thermocouples spot welded to the
inner surface of the stainless steel tube w'ire positioned along the
length of the tube in two dlameetically oppposte groups at four inch
intervals spaced alternately. The location of the thermocouples in
the test section is shown schamattcally in Figure 4.

The theraoneeatric p”"Oentitlt of these eighteen thermocouples
were recorded on a Philips model PR 3210 AO0O twelve point self balancing
miilivolt recorder. The thermooeletric ooOentialt of the six strem
thermocouples were ratnriai continuously; a swtching circuit was
arranged enabling the thermone<e:tric o0Oentitlt of either group of
surface thermocouples to be recorded depending upon the arbitrary
setting of a switch. The theraooeeaCric poochl”>" of all eighteen
thermocouples were refererced to ice taaaoaature.

The six strem thermocouples were formed from T!le®manaleCric
"Ceramo" mru.iiture sheathed thermocouple w.re wth inert oxide

insulation. The type 'U" i1ron-constantan pair contained by the sheath
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was welded together and grounded to the sheath at the hot junction.
The twelve surface thermocouples were formed from ThermioeanCric
*'Fibreglast-Fibreilass" thermocouple w.re treated with high te'm’perit e
varnish. The type "3" I1ron-constantan pair iu the thermocouple wre
was tpotwnaded together and then tpotweadnd iu position using a
tpeeialL— developed fixture. The leads from the twelve surface thermo-
couples and the leads from the three stream thermocouples downstream
of the effective length were brought out through the copper tube and
terminated iu a junction box at the downstream end of the test section;
the leads from the three stream thermocouples upstream of the effective
length were brought out through the copper tube and terminated iu a
junction box at the upstream end of the test section. The rated
accuracy of the thermocouples used was + of the t.riperature
mensurnient, giving a possible 1.5°F error in the difference of the
mensurniintt of the surface thermocouples and the stream thermocouupes.

The bulk tnipenature of the waaer entering and aeaeini the
test section was iiasurnd wth two precision me”*uur-in-glass thermo-
meeers which could be read to 0.1°F. The thermomeeers, which were
used i1u determining the rise in bulk temperature of the waaer circu-
lating through the test section, were installed in thermomeeer wclls
located upstream and downstream of the test section. The precision
with which the theriomeeert couW be read prodlund a possible 0.2°F
error in the calculation of the bulk tei:)e™ature rise.

The heat generated iu the test section was calculated from
iiaslurnmentt of the poienti<tl drop over the test section and the

current flowing through the test section. A Metra mmoLel DLi No. 62262
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variable range voltmeeer with a rated accuracy of + 1% of the full
ucale value measured the potentitl drop over the teut uectiot; a
Simpson morel 29SC-NO. 10028 tpmpaer-shutt copbinttirn Wth a rated
accuracy of + 1% of the full uctla value measured the current flowing
through the teut unction. Using the measluaeppenu of theue itutrupentB,
the maximum p”~*s”ble earoa in the calculation of the heat generated in
the teut unctiot was toproxipptely + 5%.

The differential orasulras induced by the flow through the
orifice in the flow meeer uection and by the flow through the orifice
in the mpinu waa«r line were meesured w.th 16” differential mpsacuay
ppltopteas. The ucilsu with which the mainnmetru were fitted enabled
differential orausurau to be measured to ¢ 0.05 inohas of meerury.

The maximum possible error in the corresponding flowrate measurement
was toproxipately + 5%.

The orauulra drop over the effective length of the teut ua:tiot
wau mpa8urad with two 36” differential mercury ppnttleteas. The differ-
enceu in mercury oolumes could be measured to + 0.05 itcheu, giving a
maximum possible error in the measurement of prauslrs drop of approxi-
maely + 10%.

The uyutem presslrs at the pump diuohaaga was measured with a
U. S. Gauge Company bourdon tube orassuaa gauge which was calibrated
with a dead weight teuter before being put into usavlLcs. On the basiu
of thiu calibration, the maximum possible error tsuocittad with the
uue of thiu gauge to measure uyutem oaeuslrs wau austmed to be + 10%.

The ambient tempprature in the vicinity of the teut facility

was measured with a preciuiot melacuay in glauu the]Jmomeae”



4. EXPERIMENTAL PROCEDURE

No special attmpt was made to ealntli™t the purity of the
waaer circulating in the system. Prior to each test, the system was
refilled with waaer from the maans. During Filling, air trapped in
the systm was bled off at the test section and the heater section
where bleed points for this purpose had been provided.

After the system had been Ffilled, the waaer was circulated
and a drain was opened permitting mains waaer to purge the system.

It was found that Hr bubbles entrained in the waaer could be removed
by operating in this fashion; much of the air dissolved in the waaer
could be removed by operating ri.th the heater section energized.
Ejxerimcental mea8urfments were accepted only after visual observation
of the waaer circulating through the test section revealed it to be
free of entrained Hr bubbles.

In establishli®*g the coltidtiots for a test, the waaer flowrate
corresponding to the wvelocity which when cuu™?1!.” by the equivalent
ilaeeeer and divided by the kltfmmlla viscosity would give the speified
Reynolds num™"]" was set first. Mains waaer was started flowing in the
cooler section and the heater section was energized; the respective
ccdrols were set so that the temperature of the waaer in the system
rose at the leprnxCm"ttf rate of I<JF per minutie. The test secrion
power supply was energized and the power generation in the test section
was raised Incrementally urtil the se<e;ififi fim temmerature difference

16
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indicated by the chart recorder was attained. Final adjustments bring-
ing the temperature of the water in the Bystem to equilibriim at the
speified value were made by resetting the heater section controls.

When the tempeeature of the wwacr in the system had attained
equilibrium at the value specified for the particular test, five to ten
minutes were allowed to elapse in which it was ensured that steady state
heat transfer coiniitions exlLsted in the test section. Then the follow-
ing laeceQuremeets were made with the appropriate instuments and recorded:

(1) Temmerraure of the werter upstream of the test section.

(2) Temmmeeaaure of the wa™er dowmstream of the test section.

(3) Surface tempeeaturea on the stainless steel tube comprising

the effective length.

(4) Stream temperatures upstream and downbream of the effective

length.

(5) Flowrate of the waer circulating through the system.

(6) PoPcntiaL drop over the test section length.

(7) Current flowing through the test section.

(8) Pressure differences over the effective length.

(9) System pressure at the pump discharge.

(10) Ambbent temperature in the vicinity of the test facility.
The waaer flowrate was then reset and additiptal tests were perforaed
in order to demoptS™ate the effect of flowrate on forced convietion

heft transfer



5. DATA ANALYSIS

The results derived from the experimental study are tabulated
in Appeinlix 1. The mawier in which the results were analyzed is out-
lined in the following sections. The symbols used are defined in

Section 8.

51 Data Coimuuaaion

Ab menmoned previously, local heat transfer coefficients
were calculated at the two locations on the inner boundary of the
annular passage corresponding to the maximum and minimum separation

of the boulnldries. The relationship

was used to evaluate the local heat transfer coefficients. The heat
flux (Q/A) and the medn fim temperature difference (Tg - Tg) were
evaluated from measurements of the conditions existing in the region
between 12" and 20" from the upstreim end of the effective length
whhrein the heat transfer phenomenon was considered to be representa-
tive of fully developed turbulent forced convection heat transfer.
The heat flux (~/A) was computed from electrical mmasiurements
of the heat generation in the test section ainVVor calorimetric
mfr')'eMI't8 of the heat convection in the wwaer circulating through
the test section. The heat flux calculated frum electrical measure-

meens was computed by the relationship:

18
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The heat flux calculated from calorimetric measurements was

computed by the relationship

The two independent comppUaaions of heat flux served to test
the validity of the measurements as the experimennal results were
discarded 1f the computed values did not agree Wthin approximately
+ 10&.
The mean fi,m temppeature difference (Tg - Tg) was obtained
by plottirg the temppratures measured in the test section as a function
of displacement from the upstrem end of the effective length. Tempera-
ture profiles for the inner surface of the stainless steel tube were
formed by drawing smoth curves through the points representing the
surface temerature meesuremeens at the locations corresponding to
the maximum and minimum separation of the bourndfies. The corresponding
teqgieratwre profiles for the outer surface of the stainless steel
tube were formed by drawing smooth curves through points obtained by
*The fluid property values used in all the calculations perforated
were obtained from graphs plotted from the values presented in

"Thermodynamic Propaeties of Steam', by Keenan and Keyes, John Wiley
and Sons Incorporated, 1936*
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subtracting the temperature drop in the wall from the temperature
profiles for the inner surface of the stainless steel tube The
temperature profile representing the uniform rise of waaer bulk
tempprature was formed by joining the points representing the bulk
tempeeatures measured upstrem and dowrnstream of the test section by
a straight line. Loral film tempprature differences in the region of
fully developed turbulent forced conveetion heat transfer were evaluated
by subtracting the local water bulk temppeature from the local outer
surface tempprature; the mean film temppeature difference character-
izing the turbulent forced convection heat transfer at the particular
location on the inner boundary of the annular passage was obtained by
averaging the local fim temppeature differences.

foody friction factors were calculated from the average of the
measuremonts of pressure drop over the effective length. The relation-

ship

was used to compute the friction factor.
In order to clarify the procedures used in computing the local
heat transfer coefficients and friction factors, sample calculations

are presented on the folL”~ing two pages.

*The theory derived for calculating the tempprature drop in
the wai of the stainless steel tube is presented in Appendix 2.



THE FOLLOWING INFORMATION IS PERTINENT TO THE TEST

DIAMETER RAT 10-20 INNER DIAMETER-0500” EFFECTIVE
ECCENTRICITY — 29% OUTER DIAMETER-1.O0Cf LENGTH-24“

THICKNESS OF WALL OF STAINLESS 8TEEL TUBE-O.OIO"
FLOWRATE — 12.0 U.S.GALLONS/MINUTE

POTENTIAL DROP OVER TEST SECTION —I13.4VOLTS
CURRENT FLOWING THROUGH TEST 8ECTION-265 AMPERES

PRESSURE DIFFERENCE OVER EFFECTIVE LENGTH
- 0.78" MERCURY

DISPLACEMENT FROM UPSTREAM END OF EFFECTIVE LENGTH (INCHES8)

note. at the upstream end of the effective length where heating

COMMENCCE.THE BULK TEMPERATURE 81 STREAM TEMPERATURES AGREE.

AT THE DOWNSTREAM ENDOFTHE EFFECTIVE LENGTH WHERE HEATING

CEASE8S.THE BULK TEMPERATURE 8STREAM TEMPERATURES DISAGREE.
THE PROBABLE EXPLANATION IS THAT THE WATER IS NOT ADEQUATELY
MIXED AT THE LOCATION WHERE THE STREAM TEMPERATURES ARE

MEASURED AT THE DOWNSTREAM END OF THE EFFECTIVE LENGTH.

SB8URFACE AREA NORMAL TO THE FLOW OF HEAT

HEAT FLUX CALCULATED FROM ELECTRICAL MEASUREMENTS

HEAT FLUX CALCULATED FROM CALORIMETRIC MEASUREMENTS

21



TEMPERATURE DROP IN THE WALL OF A 8TAINLES8 8TEEL TUBE
WITH INTERNAL HEAT GENERATION AND ADIABATIC INNER 8URFACE

CONSEQUENTLY.THE OUTER 8URFACE TEMPERATURE PROFILE8 ARE

OBTAINED BY SUBTRACTING F9 FROM EACH OF THE INNER 8URFACE
TEMPERATURE PROFILES

MAXIMUM MINIMUM
SEPARATION SEPARATION
LOCAL HT. COEFFICIENT LOCAL H.T. COEFFICIENT

SECTIONAL AREA NORMAL TO THE FLOW OF WATER

MEAN WATER VELOCITY IN THE ANNULAR PASSAGE

EQUIVALENT DIAMETER

FRICTION FACTOR
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52 Data Coorelation

Graphhcal procedures were used to correlate the results of
the experimeenal study. Tiis method of correlation was considered
imist desirable as the trends resulting from the variation of e”cennri-
city and diameeer ratio could be visualized best in a graphical pre-
sentation.

In correlating the heat transfer results, a dibbnrSonlesa
heat transfer parammeer (NtUPr 7?) based upon the Nuuselt number (Nu)
and PranKIl number (Pr) waas calculated for each test and plotted on
logarithmic paper as a function of the corresponding Reynolds numer
(Pee. Thia procedure, which assumes that the turbulent forced con-
v/tion heat transfer is dependent upon Prll3 was adopted since the
actual dependence upon PranKI numbbr had not been investigated in
the experibbntal study. Howweer, this assumption introduced little
error in the analysis of the influence of e”ceenricity and diameeer
ratio on turbulent forced conveetion heat transfer since all tests
were perfoimed under nearly the same temtrature cpinlitions. Ab a
consequence, the Prain”™l number varied little from test to test, and
as only relative values were required to assess the trends resulting
from the variation of eccentricity and diameter ratio, the Pran”l
number variation had insignificant effect upon the final analysis.

The points corresponding to each individual test upon a par-
ticular configuration were correlated wth a straight line. Examina-
tion of the pertinent graphs wil reveal a high degree of correlation

with a maximum + 10% point scatter about the straight line. Figure 5

and Figure 6 illustrate the correlation of the heat transfer results



24

derived from tests upon six coJt:entrlc configurations and show the
influence of d“™meesT ratio upon turbulent forced convection heat
transfer in concentric annular passages. The dimennsonless plrameeeri
used in plotting Figure 5 and Figure 6 were calculated wth fluid
property values evaluated at the bulk temperature and film tfme”ature
rfseealvfly. Figure 7» Figure 8, Figure 9 and Figure 10 illustrate
the correlation of the heat transfer results derived from tests upon
various contentric and eccennric configurations having diameter ratios
1.5, 2.0, 2.5» and 3.0 respectively and show the influence of eccennrl-
city upon turbulent forced aonv'f;tlot heat transfer. The dimmelnionless
parameeers used in plotting Figure 7, Figure 8, Figure 9 and Figure 10
were calculated rf.th fluid property values evaluated at the bulk tempera-

ture.

The influence of ecceenricity upon turbulent forced convex:tion
heat transfer has been calculated nunmerially for one Reynolds number
value but the correlations presented enable the analysis to be repeated
for any other Reynnlds numer value. In order to assess the influence
of «;centricity upon turbulent forced conviction heat transfer tumeei-
cally values of the heat transfer par™eeor corresponding to each level
of ecernticity were evaluated at R'ernoods number equal to Ffifty
thousand. These numeercal values were ratioed to the nuneercal value
corresponding to aontaettlclty, giving figures of indicating
the trend resulting from the variation in eccentreity. The andysis
was performed for each level of di“Geer ratio investigated and the
figures of merit so derived were plotted as a function of ezceenticity.

Figure 7, Figure 8, Figure 9 and Figure 10 show the effect of fccentriaity
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upon turbulent forced conwe:tiun heat transfer corresponding to the
particular Level of dis'm't**r ratio. This information is replotted in
Figure 11 were the influence of both cccBettie ity and dis"e™er ratio
upon turbulent forced convection heat transfer is demonst'ated.

It order to clarify the procedure used in cumpenitg the
dimennsonless parnmeeers and evaluating the figure of ineert, sample
calculations are presented on the following page.

In correlating the fluid dynamics results, the friction factor
(f) computed from the experimental measurements of each test was
plotted ot logarithmic paper as a function of Reynolds number (RbC.
Figure 12 1llustrates the correlation between friction factor and
Reynolds tummer for the three concennric configurations investigated.
No attempt was made at showing the influence of eccentricity upon

friction factor as the results did tot wwaratt so detailed an mal™ais.



THE FOLLOWING INFORMATION 18 PERTINENT TO THE TEST

MEAN BULK TEMPERATURE IN THE REGION OF FULLY
DEVELOPED TURBULENT FORCED CONVECTION HEAT TRANSFER

THERMAL CONDUCTIVITY

KINEMATIC VISCOSITY

PRANDTL NUMBER

NUSSELT NUMBER

MAXIMUM MINIMUM
SEPARATTON SEPARATION

HEAT TRANSFER PARAMETER

MAXIMUM MINIMUM
SEPARATION SEPARATION

REYNOLDS NUMBER

HEAT TRANSFER PARAMETER CORRESPONDING TO CONCENTRICITY

FIGURE OF MERIT

MAXIMUM MINIMUM
SEPARATION SEPARATION
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6. DISCUSSION

6.1 Accuracy of Results

This section concerns the analysis of error in the correlation
of the axorriaental results. In performing the analysis, the maximum
possible error involved in each mmasiurement was used. As t cnnsagpan”e,
the uncertainty in the correlation of the expOX~"6~111 resuLts indicated
by the analysis represents the maximum error resulting from the impro-
bable combination of the maximum wvt‘ues of the individual errors. It
Is understood that the probable error is much smaller by t considerable
factor.

The fluid property values used in calculating the dimension-
latt ptrt'e’ei*rs were assumed to be those for pure water. Although
small errors tre undoubtedly involved in using these fluid property
vtlues, only the error associated w.th reading the nwBearcal value
of the fluid property from t graph hts been considered in the error
dutysis.

The results of the error anitlysis witch is presented in tabular
form on the following two pages, indicate that the un’t¢'t;ainty in the
correlation of the heat transfer results could be ts great ts + 21.5#
and that the pjne”taitty in the correlation of the fluid dyntim.cs
results could be ts great as + U9.5&, mmanly as t result of the large

possible error involved in the calculation of equivalent iiameeer.
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MAXIMUM MAXIMUM

e DESCRIPTION OF ERROR PERCENT ABSOLUTE
ERROR ERROR
HEAT VOLTAGE CURRENT .
FLUX ’ MEASUREMENTHMEASUREMEE r
L VOLTAGE MEASUREMENT X(AREA)
—INSTRUMENT ERROR AT 1/2 8CALE +2.0%
-VOLTAGE FLUCTUATIONS +1.0%
2. CURRENT MEASUREMENT
—INSTRUMENT ERROR AT 1/2 8CALE +2.0%
-CURRENT FLUCTUATIONS + 1.0%
8. AREA 1 TT (DIAMETERMLENGTH)
- DIAMETER 0O.500"+ 0.0025" + 057.
- LENGTH 24" + 0.123" + 03%
ERROR IN HEAT FLUX CALCULATION + 6.0%
FILM INNER WELL
(TEMPERATURE )m ( 8URFACE "~ (TEMPERATURE)
DIFFERENCE TEMPERATURE DROP
BULK
-( FLUID )
TEMPERATURE
L INNER 8S8URFACE TEMPERATURE
— HINEEINMANACMEIIC ERROR IN  130F + EO
-RECORDER INACCURACY £0.3
2. WALL TEMPERATURE DROP
-ESTIMATED INACCURACY +o.i*f
3. BULK FLUID TEMPERATURE
-HHRRMOMETER ERROR FO.I
ERROR IN FILM TEMPERATURE DIFFERENCE + 183
ERROR IN 30F TEMPERATURE DIFFERENCE +3.0%
.NUBBELT. . .HEEI ._~EQUIVALENT DIAMETER,
"NUMBER ' 1coefhccENt thermail CONDUCTIVITY?
1. HEAT TRANSFER COEFFICIENT
— HEAT FLUX +60%
- FILE TEMPEEATUEE DIFFERENCE +3.0%
2. EQUIVALENT DIAMETER ®» OUTER DIAMETER
-INNER DIAMHTEE
-OUTER DIAMETER +0.0131#
-INNER DIAMETER +0.0023"
—ERROR IN 0.730"—0.500" +7.3%
3. THERMAL CONDUC TIVITY
-READING ERROR =+0.3%. +0.3%
HEROR IN NUSSHLT NUMBER CALCULATION +190%
. . FNUSSHLT)( PRANDTLj*’173
( numberhnumbee
PARAMETER
1 NUSSHLT NUMBER
—CALCULATION ERROR +19.0%
2.  (PRANDTL NUMBER)-173 !
—HEADING ERROR =#+3.0% + 1.0%

ERROR IN HEAT TRANSFER PARAMETER +200%
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=

3.

VOLUDETRIC FLOWRFTE

DESCRIPTION OF ERROR

.FRICTION

Y EACTOR 829

EQUIVATED T DIEMETER.
LVNQTH :

PRESSURE DIFFERENCE.

1 VELOCITY2

EQUIVALENT DIFDVTER ® OUTER DIFDETER
-ININER DIFDVTER

—OUTER DIFDVTER
-INNER DIFMETER
—ERROR IN 0.760"-0600*
LENGTH

-ERROR IN 24" 0126~
PRV8SURYV DIFFERENCE
-INSTRUMENT ERROR

—PRESSURE DIFFERENCE FLUCTUATIONS
VELOdTY VWNREUNN FeRa

K DIFD. DIFD.,( DIFM.—DIFD. 3

- VOLUDETRIC FLOWRFTE +60%
-OUTER DIFD.+ INNER DIFM. +16%0
-OUTER DIFM.-INNER DIFD. =+7.6%.
—ERROR IN VELOCITY +16.0%

-ERROR IN VELOCITY?2

ERROR IN FRICTION FFCTOR CFLCULFTION

-REYNOLDS 4.VOLUDETRIC FLOWRFTE .

' NUDBVR ,8n’ OUTER . INNER 1
DIFD. + DIFD.

-INS8TRUDENT ERROR
- FLOWRFTE FLUCTUFTIONS

OUTER DIFD. + INNER DIFD.

-OUTER DIFDETER

-INNER DIFDETER

—ERROR IN 0.760""+0.600”
KINEDFTIC VISCOSITY

—REEDING ERROR =*=0.6%

ERROR IN REYNOLDS NUDBVR CFLCULFTION

"*?KINVMFT]|C VISCOSITV

DFXIDUD
PERCENT
ERROR

+7.6%

+0.6%

+100%
+ 10%

+300%

+490%

*+60%
+1.0%

+1.6%

+06%

+8.0%

DFXIDUD
FBSOLUTV
ERROR

+00160”
+00026”

+00160”
+00026”
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Although these large unocfraintlfi cast suspicion upon the validity of
the correlations presented, it must be ““mphaszed that these are extreme
values which could only result from the improbable anmblIntilint of the
maximum values of the itiiviiull errors in ant'(VCtlon wth tests upon
one particular annular test configuration. Wen considered in this
maarnnr, 1t would appear that the ut:aerilLttifs in the correlations of
most of the exe®¢'imental results are no greater than those associated

wth any comppiable exeeesimental study.

6.2 Heat Transfer Oh Concentric Annular Passages

The results presented in Figure 5 and Figure 6 showing the
influence of illeefer ratio upon turbulent forced conveetlot heat
transfer in concennric annular passages are not in anmpeete agreement
w.th the results predicted by the correlations derived by Monrad
and Pelton and Stein and BBegei. The results presented appear to be
dependent upon diam’eer ratio ruisid to the 1/4 power rather than
diati™e” ratio raised to the 1/2 power as suggested by both Monrad
and Pelton and Stein and BBegei. However, the exeerieental evidence
supppntltg this fun:tlotal relationship is insufficient to justify
another correlation for turbulent forced cotwe:tlot heat transfer in
coin:6M""N annular passages.

In fairness to the results presented, it must be noted that
the annular test configurations investigated in the expert-menna!
study were not Idfoniall 1imenti.onally to the anular test config®ations

investigated by Monrad and Pelton and Stein and Beegei. As i1t would
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seem unreasonable to expect similar heat transfer phenomena to occur in
passages of the same diameteeratio but different dimensions,

It 1s possible that the results of the experimental study are consis-

tent W.th the correlations derived by Mnrad and Pelton and Stein and

Beeeeil. Further investigation is required to resolve this point.

6.3 Heat Transfer in Eccentric Annular Passives

The results presented in Figure 7, Figure 8, Figure 9 and
Figure 10 showing the influence of e3ceniricity upon turbulent forced
convtetion heat transfer in eccennric am”uuir passages are in general
agreement with the results presented by Diskind and Faurei The
results presented indicate that eccernricity and diane”™r ratio have
a definite effect upon the heat transfer phenomenon and that the heat
transfer from the two locations on the inner boundary of the annular
passage is affected differently. Increasing tcceeitmicity causes the
heat transfer to increase at the location corresponding to the maximum
separation of the inner and outer bouiddries of the annular passage
and to decrease at the location corresponding to the minimum separation
of the inner and outer bourniarits of the annular passage. Assuming
a continuous variation in heat transfer around the inner boundary of
the annular passage, it must be concluded that the average heat transfer
decreases since the decrease in heat transfer in the ricinlty of the
location corresponding to the minimum separation of the bDlunlarits
IS greater than the increase in heat transfer in the vicinity of the

location corresponding to the maximum separation of the boiunidries.
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The results presented in Figure 11 showing the influence of
iitmeear ratio upon turbulent forced conveetion heat transfer in
r:centrit anular passages are in genejral agreement with the results
presented by Fture™ At t particular level of acceetricity, the heat
transfer varies in inverse proportion to the dia™e” ratio} the
greater variations occur at the smaller diameter ratios. Ranges in
which eccennricity does not influence heat transfer tre found iIn
connection with the larger iiaaecaar ratios.

The apparent explanation of the influence of a:.ceetricity
and diameeer ratio upon turbulent forced convention heat transfer
has been suggested by Faurei From t study of temperature profiles
In eccentric annular passages, Fture“wts able to show that the heat
transfer ohannmannn was only affected by ecceenricity an’/Zor "Mt™e;e”
ratio whan the normal development of the thermal boundary layer at
the inner boundary of the annular passage was disturbed by the presence
of the outer boundary of the anular passage. It appears then, that
the influence of ecceetritity tnd ditmeear ratio upon turbulent forced
convention heat transfer is derived from the iavaloomant of t thermal
boundary layer on the inner boundary of the tmiular passage. The
fact that in certain annular passages, ranges in wwich ecceenricity
did not influence heat transfer were found is explained by postulating
that the normal development of the thermal boundary layer was not
disturbed uiHI these ranges of a:ceatricity were exceeded. A mathe-
matical solution of turbulent forced convection heat transfer in
MM r™Mric annular passages using boundary layer theory is required in

order to verify this apparent explanation.
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al Fluid in Concentric Anuli'jr Passages

The results presented in Figure 12 showing the influence nf
diaraennr ratio upon friction factors for turbulent flow in coineinric
annular passages are in excellent agreement with the results presented
by DiskiM. The results presented indicate that the friction factors
pertaining to the different levels of diameeer ratio can be correlated
satisfactorily by a single straight line which approximately represents
the variation of friction factor with Reynolds number for flow in a
tube with 0.0005 relative roughness. It would appear that the friction
factors for turbulent fltaw in con:00™" annular passages can be satis-
factorily predicted from published friction factors for turbulent flow

in tubes



7. CONCLUSIONS

An experimental study of turbulent forced convtetion heat
transfer to waaer flowing in nineteen different annular test configura-
tions has resulted in graphical, correlations showing the influence of
eiceenricity and/or diameter ratio upon the heat transfer phenomenon
occurring at the two locations on the inner boundary of the annular
passage corresponding to the maximum and minimum separation of the inner
and outer bouinaares. The correlations derived generally confirm the
results obtained by other investigators and extend the range of diemeeer
ratios investigated. The results pertaining to heat transfer in con-
centric annular passages are not in comppete agreement W.th the results
predicted by the correlations derived by Konrad and Pelton and Stein
and Beeeel in that the functional relationship between heat transfer
and diameeer ratio appears to be different than that predicted. The
results pertaining to heat transfer in eccentric annular passages are
in general agreement wth the results published by D-skind and Faure'
wth respect to the influence of encernricity and diameeer ratio upon
heat transfer.

An exxerimeenal study of the fluid dynamics of water flowing
in three different test configurations has resulted in a
graphical correlation showing the influence of dLa™eer ratio upon
friction factors for turbulent flow in concennric annular passages.
The correlation derived indicates that the friction factors for tur-
bulent flow in concennric annular passages can be satisfactorily

predicted from published friction factors for turbulent flow in tubes.

&



8. NOMENCLATURE

Arabic Symbols DeescT-ption Units
A Area ft2
As Surface area 2
AC Cross section area ft2
C SpKific heat B.T.U./Ib°F
D Diaspeer Tt
D Equivalent diamaeer
/_ . Cross Seldition Area _ _\
e ™ Wnted Pprimoepr *“ *o' 1’ ft
Di Inner diampeer of airnular passage ft
DO Ouu«r diaMeerr of annular passage ft
DA Diameeer ratio (DG/Di =2 RO,/2 I?) -
E Potennial drop ov”r test section volts
f foody friction factor -
8 Grav i tational acceleration constant ft./sec .2
h, Conw”™"e heat transfer coefficient B.T.U./hh.ft2 °F
| Current flowing through test action amppres
k Thermal conduuctvity B,!...//™t°F
L Effective length ft
P Pressure ft. wwter
pl Pressure upstream of effective length ft. waaer

35
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po Pressure downstream of effective lengtli ft. wa’er
R-P, Pressure drop over effective length ft. warter
Q Volumeeric fl"ow"i*tie US. gallons
per minute
Q Heat generation B.T.U./hr.
Q’ Heat generation per uid.t length B.T.U./hr.ft.
Q" Heat generation per uO-t area B.T.U/hr.ft2
qn> Heat generation per wait volume B.T.U/hr.ftm?
r Radius ft
ri Inner radius of tube ft
ro OuUer radius of tube ft
Ri Inner radius of passage ft
Ro Outer radius of passage ft
S Length of shorter support leg ft
S Length of longer support leg ft
T Temppeatwre °F
tb Bulk temperature °F
T1 Bulk tempprature at test section inlet °F
TO Bulk temppeature at test section ouuiet °F
TS Surface temprature °F
TO-TI Bulk tempprature rise °F
Te-Tg Fita temppeature difference °F
AT Telnmeeature drop in wwai of tube °F
U Ooeerai heat transfer coefficient B.T.U./h"ft2 °F
V Mean flow velocity ft/sec.

W Mass flowrate Ib/hr.



Greek Symbols

Dimensionless
P~ramti’rs

Nu
Pr
Rn

St

Letter Subosripts

DDtsription
Aigle
Angle
Arngle
Seppration of axes

£
fcrretri.city (c a K e Ko )
(0] 1 MU

)

Heat transfer parameeer (\ =
e PrJ/3

Heat exchanger effectiveness

Conntant of integration

Dynamic viscosity

K.nemaair Viscosity

DDesription

h D
Nubselt number (Nu * —— )

PraMtl number (Pr = )
vS
Reynolds nu™tr (Re = h_ )

Stanton number (St = ~—)

DDesir-ption

Bulk tempprature
Film temppreturn
Cross inctiot
Surfare
Stainless steel
Inner or inlet

QOuuer or outlet
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UHts

«e

Ib/ft. ser.

N/ser

unnts

uints
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10.

ILUJSTIATIONS
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TEST FACILITY
FIGURE # |.



FIGURE # 2
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FIGURE E# 4
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| TEST RESULTS

potential CURRENT

11 MEASIURED V'ALUES DROP CLOWING PRESSURE BULK TEMPERATURE OF SURFACE TEZMPERATURE  MEASUREC IN THE

DIFFERENCE WATER CIRC ULATING REGION OF FULLY DEVELOPED TURBULENT

CCCENTRIIT ?égﬁ. THTRSQUTGH OVER THROUGH TEZST SECTION FORCED CONVECTION hEAT TRANS FER
OIAMETER IT FLOWRATE
. SECTION  SECTION  LENGTH  upstream DOWNSTREAM MAXIMUM SEPARATION  MINIMUM SE PARATION
(%) MINUTE VOLTS AMPERES  "MERCURY F = .F . e .
3 122 ; ff, 2 gg? 12? g’g 98 3 101 | i233 123 7 1233 1240
97 15 99 4 102 6 1243 125 0 125 0 125 7
23 7 o 306 5 40 98 2 101 3 1203 121 0
44. 24 80 103 2 106 0 127 0 126 7 127 3 j7 3
15 22 14 8 19 0 384 110 ]
94 16 4 307 99 | 102 3 122 7 122 7 126 3 126 7
21 3 50 3 ol 5 00 100 0 104 0 125 3 125 3 129 7 129 7
39 14 8 17 8 50 20 40 1020 104 6 1237 123 7 3 7R 7
57 44 oo 10 95 999 102 6 122 0 122 3 126 7 126 7
5 05 985 101 4 1183 118 7 123 7 123 3
322 190 381 4 00 1037 105 3 131 0 131 0 130 7 130 7
3 186 ig 12 324 | 59 1008 102 6 129 7 129 7 130 0 130 0
120 282 0 76 101 4 103 6 1317 1320 122 0 132 0
6 7 10 8 215 0 34 1019 104 2 131 0 131 3 131 0 131 3
31 2 19 6 389 3 70 103 | 104 8 132 0 132 0 132 3 133 0
59 18 3 171 341 | 56 102 4 104 4 134 0 134 0 135 5 135 3
12 0 134 265 0 78 102 5 104 5 129 3 129 7 131 0 131 7
20 65 107 214 0 32 101 0 103 | 129 7 130 0 132 3 132 3
31 8 192 386 3 85 100 5 102 2 128 0 128 0 128 7 129 3
'8 4 164 332 | 56 99 6 101 6 130 7 1307 isl 7 131 7
12 0 139 277 0 79 101 8 103 8 129 7 1303 134 3 134 0
6 7 1o 215 0 33 100 0 102 2 129 7 1297 136 0 135 7
315 188 376 3 76 103 2 104 9 129 0 129 0 131 3 ISO 7
18 5 166 333 | 58 102 | 104 0 131.3 131 3 134 3 134 0
120 133 267 0 75 99 0 101 0 127 0 127 0 i3S o 132 7
6 7 lo7 214 0 35 99 4 101 6 128 0 1280 1373 - 136 t
380 173 344 117 103 7 104 8 lii 3 — 1135 5== iTT3 iS23
s 22 0 14 4 303 0 50 102 8 104 | 133 7 134 0 132 0 133 0
139 124 244 0 22 101 6 103 0 1333 134 0 1323 132 7
9 | 106 207 0 10 101 2 102 9 1350 135 7 135 0 1350
370 169 336 1 23 102 4 103 5 1307 T567 T56T5 rso3
22 4 140 280 0 51 99 2 1004 1277 127 7 128 0 128 0
139 127 254 0 29 99 0 1004 1323 132 0 1330 1330
83 103 205 0 13 98 9 1004 1340 134 0 134 3 1347
36 6 176 347 I 09 103 3 104 4 1327 1330 132 0 133 3
22 0 14 4 285 0 44 102 4 1036 1307 1310 131 3 132 0
25 a4 135 115 228 0 2 102 0 1033 1283 1293 1303 186 T
9 | 96 190 [ 1007 102 | 1277 128 3 1307 1307
37 6 17 7 352 I12 1034 1045 1323 132 7 133.3 1333
21 8 140 275 0 43 1020 1031 1290 1293 131 0 131 0
62 13 9 116 228 0 23 1007 1020 1277 1277 1307 1300
83 92 182 0 08 1005 1018 1267 126 7 1323 1307
37 0 173 344 | 32 1035 1047 1327 1330 1347 134 0
21 3 14 6 287 0 52 101 4 1027 1330 133 3 1353 135 3
4 139 i1 9 233 0 27 102 4 103 7 1303 130 7 1370 137 0
89 95 185 0 13 103 6 1650 ' 131 3 1313 1380 1380
390 15 | 285 103 8 1045 133 3 133 3 1327 1333
22 4 12 6 237 _ 104 5 1055 135 7 136 0 135 3
8 14 6 109 204 — 1022 1032 1347 135 3 135 3 135 7
8 3 156 — 101 2 102 2 136 0 135 0 135 0 134 7
42 0 159 303 — 99 2 100 | 130 7 130 7 129 7 130 3
24 7 140 264 _ 103 2 104 2 138 7 139 7 139 0 1390
25 15 6 s 219 wox 995 100 6 1350 1357 1353 135 0
10 e 96 180 — 9299 101 0 1330 1340 1343
42 0 58 300 _ 102 ! 103 0 1330 133 0 131 3
24 4 131 249 — 102 | 103 0 1337 133 7 1333
30 43 20! — 100 2 01 | 1293 129 3 129 7 130 0
94 8 4 159 - 102 8 103 8 1327 1327 1347 1337
42 2 16 7 318 — 101 1 102 0 1357 135 7 135 7 136 7
250 13 8 264 — 1000 101 O 1353 136 0 LfT
59 158 no 225 - 100 2 101 3 1373 138 3 s
97 95 180 — 99 0 100 2 >36 7 1Jo
285 — 103 3 104 | 132 7 1333 1340
120 228 - 101 5 1023 1290 1297 1810
76 — 102 7 1038 136 0 1377
157 113 212 187 0
94 8 4 159 102 4 1034 131 0
15 3 305 99 4 100 | 131 0 1313 00 7
_ 97 3 98 0 129 3 ‘
308 12 4 246
35 2 97 | 97 8 1273 127 7
99 199 : P97 § 343
87 174 980 . 98 8 ‘ J
12 8 253 100 2 1007 287 .
2N | o 1037 1042 1313 13 7
40 6 ]g 56 186-3 _ 1000 1005 | 283 127 7
008 1003 1330 133 3
125 77 150



HEAT FLU) he:at FLU) temperatesx
12 DERIVED RESULTS CALCULATE 3 CALCULATED  OROP FORCED CONVECTION HEAT

FROM FROM IN temperature difference TRANSFER COEFFICIENT MOODY

mean film

calorwetri - STAINLESS maximum | MINIMUM MAXIMUM | MINIMUM FRICTION

OIAME TEF ECCENTRICIT, - MEASURE MEASURE  STEEL TUB separation {separation FACTOR
RAT 10 ) &T.U /HR-FT Z BTU/KFI-FT< - . e
° uzhr-
12750C 12700cC 54
3 9570C g9 7.20C 4 Zz?g(c)) 8212 8
5950¢C 6 1,1 OC 25 184 -
12340C |2550C 52 025
15 22 9 3,8 OC| 93‘40(: 4'0 620 160 0193
69.00C 7 GI.ZOC 2'9 5370 4410 0222
106.80C 107.20C 45 3450 2840 02 48
39 82.20CL 7920¢ 69 80 57 30 0197
’ 35 4000 02 19
>410C 57900 23 156 200 3470 2700
93,00C 95,700 40 292
3 6700C 64500 29 260
5 2,00C 52800 22 2 70
29.90C 3240C 13 262 |1 40
32’?) (o)é 3 ?‘f 88 ; ; 236 243 0193
29 ’ ' 270 264 2790 2640 0236
4570C 47800 Lo 237 256 1930 1785 0272
20 2950C 31200 13 259 287 1140 1030 0384
9540C 101000 40 221 234 4320 40 80
40 7220C 721 00 3! 258 276 28 00 26 20
49.60C 48000 21 248 295 2000 16 80 0278
30,50C 31000 13 269 333 1130 910 0372
© 90,900 10 100c¢ 39 217 238 4190 38 20 0192
59 71,100 69,1 00 30 250 280 2840 2540 0234
4570C 48,100 20 250 305 18 20 14 95 0264
2950C 30900 12 260 364 1135 810 0395
76500 76500 32 245 31 20
s 56,40C 551 00 26 270 2090 0244
3890C 38600 17 287 1355 02 66
28300 31800 ) 318 8 90 0283
73200 751 00 31 243 3010 02 10
50,500 51600 21 257 1970 0238
41500 38,800 i 311 1330 0352
27100 25800 1 334 810 04 40
78400 74400 33 253 258 3110 30 40 0 190
52800 50500 22 253 264 2080 2000 02 13
33800 34900 L4 242 264 1395 1280 02 70
23500 26,300 1o 254 285 925 825 0311
80200 76.1 00 34 249 264 32 30 3040 0! 90
49500 462 00 21 244 267 2030 1860 02 1!
34,1 0U 35800 14 248 280 1370 1215 02 66
21,500 22500 09 247 303 8 75 710 0272
76,800 82500 33 252 277 30 40 27 70 02 25
53,900 53,500 23 284 328 19 00 16 45 0267
35,700 35900 15 260 329 1380 1090 03 14
22600 25500 o) 261 340 8 70 665 0385
55500 50,200 23 264 21 00 —
3 38500 41500 16 288 1335 —
28500 291 00 12 312 9 15 —
16,650 |71 00 0.7 326 5 10 —
61,800 69,400 26 280 2210 —
47500 46,200 20 332 L4 id —
25 32,400 33,800 14 339 955 —
22,300 24,1 00 09 325 685 —
6 1,000 69300 26 272 2250 —
30 43 42200 41900 18 219 Igg: -
27300 28400 12 278
17100 19,000 07 294 580 —
68,000 70,500 29 307 317 22 30 21 60 —
47000 47900 20 3 18 336 1475 1400 —
59 34400 34100 14 396 355 970 8 70 -
22,000 2 3,600 09 369 409 595 535 -
55000 59,900 2.3 266 279 2070 19 70 -
35200 37300 15 258 285 1370 12 40 -
76 30,700 33800 13 3 19 371 975 8 30 —
17100 19200 07 279 329 615 520
60,100 67500 25 289 2080 —
39200 40400 17 * 300 13 10
35 2 25400 2 7.000 Ll 288 8 80 —
19,350 9,000 os 350 555 —
41700 49200 1.8 256 1630 -
26,700 29900 12 269 1065
40 6 22600 24800 e} 267 8 50 -
14800 12600 06 327 450



.3 DIMENSIONLESS
PARAMETERS

diameter
ratio

20

2.5

30

35

ECCENTRICITY

(%)

22

39

29

40

59

22

44

62

74

25

43

59

76

FLUID

REYNOLDS
NUMBER

87400
5 5,300
35900
92000
55200
35600
79200
55400
35900
104200
57600
38000
21500
100000
58600
38400
20,500
99,200
57400
38100
20,700
10 1,100
58300
36800
2 0,0 0O
1 04,800
60200
37500
24500
100,700
58900
36,500
21800
100,300
5 9,800
36,600
24,300
1 03,700
59,200
7100
2,200
1900
7300
8,000
4,600
3,900
4500
4,500
9500
6,700
9100
6,000
4800
9600
7,700
7400
2300
9400
8,000
6,600
2,300
74 OO0
7300
7500
2,3 00
112200
6 1300
39,200
23600
104000
6 1500

NWO O NWARONWOUWONWRO— W ONWaTO N W

23000

properties evaluate p AT

bulk temperature

nusselt NUMBER

mMA IMUM
SEPARAT ION ] SEPARATION

437
310

199
402
279
200

479
320
222
131
497
322
229
130
4 80
326
210
131

513
340
222
1 38
477
316
224*
141

4 05
? R
[ 36

2 98
222
131

538
359
2 34

333
22 7
134

600
37 8
255
160
56 3
36 7
29 3

| 56

MINIMUM

411
255
| 64
327
231
| 54

46 5
303
206
)
469
302
193
1 05
438
29 |
172
94

522
345
22|
142
52 3
322
211
123
476
284
188
115

49 7
322
199
124
453
285
190
119

PRANDTL
NUMBER

454

45 4
42 9
448
440
435
447
454

450
440
434
43 3
435
433
442
a4 6
447
43 8
447
43|
442
453
450
a3 |
435
a4 |
442
438
456
456
a5 7
434
438
440
a4 7
433
440
447
447
433
442
438
4 30
433
428
440
445
457
435
454
453
442
442
452
4 36
447
452
4 50
457
434
443
437
437
457
4 70
47
465
452
433
455

455

FLUID PROPERTIES EVALUATED AT

REYNOLDS

NUMBER

611 00
39,4V

| 8000
67300
43700
24000

20,000
7 1,100
43500
28800

107900

1

63,000
40,600
22900

3 1.300
72.400
46100
28,7 00
17400
70,500
55300
2 7.2 00

FILM TEMPERATURE

NUSSELT NUMBER

MAXIMUM MINIMUM
SFPARATION SEFARAT ION

278
L J5

475
293
2 7
1 29

52 8
355

230
150

474
30 !
206

588
371

250
156
555
36 2
289
154

PRANDTL
NUMBER

408
398
40 8

373
377
373
38 3

371
370
373
368

370
362
368
370

380
388
393
377
382
372
386

376

54
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2. THEORETICAL DERIVATIONS

2ITEMPERATURE DROP IN THE WALL OF A STAINLESS STEEL TUBE
THE DIFFERENTIAL EQUATION

EQUATION (2) HAS A CLASSICAL SOLUTION
T'- EXP(~-/™N)[/-" EXPt+Zv-ldr + X]

as.

S EXP (-In r ¥}/ = EXP(+ Inr)dr + X]
ss.
-1 [/--£-rdr +X] = --2_ XI-4-A-(3)
S.S. ks.s.

FOR A HOLLOW CYLINDER WITH AN ADIABATIC INNER SURFACE,
T'-O WHEN r=r . APPLYING THIS CONDITION, GIVES

B 3-Lj+A. AND x«+9° x£i —(4)
2 Ir. k 2
S.S. ' S.S.
CONSEQUENTLY,
2 SS.

INTEGRATING EQUATION (5) AND APPLYING THE CONDITIONS
THAT T-To WHEN r«rQ AND THAT T«T, WHEN r-q,GIVES

Q .SURFACE AREA _Q., 2TTrQL

BUT 0 " T X---—--- VOLUME AMNXIT(r02-rf)L VOLUME

£ =2
vH e P

THEREFORE, SUBSTITUTING EQUATION (7) INTO EOUATION(6)



2.2 SUPPORT LEG LENGTHS

S4-s+ 2R <2Rq



J. HEAT TRANSFER IN AN ECCENTRICALLY ARRANGED SINGLE-PASS SHELL-AND-

TUBE HEAT EXCHANGER

Statement

A single-pass counter flow shell and tube heat exchanger with
U square feet of heat transfer surface area is comprised of an inner
tube 0.50” O.D. x 0.020” WT, eccentrically located within an outer
tube 1.25" O.D. x 0.125" WT. The arrangement of the tubes is such
that the eccennricity of the assembly is 60%. Oil at 155°F which
flows through the inner tube at the rate of J2,000 Ib/hr exchanges
heat Wth water at 90°F which flows ®rough t;he annular passage between
the inner tube and outer tube at the rate of 8,000 Ib/hr. Neelecting
the thermal resistance of the wwll of the inner tube, calculate
(a) The rate at wich heat i1s exchanged.
(b) The approximate circumferential temperature variation in the wwll

of the inner tube at a plane midway between the ends of the heat

exchaager.

Solution

(a) The solution of this problem is obtained through the use

of plots of heat exchanger effectiveness as a function of the

hourly heat capacity ratio and the number of transfer un.ts
Such a plot for a single-pass counter flow heat exchanger

Is presented below.

o7
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By definition, the rate at which heat is exchanged

Oil

(WC) - 32,000 x 0.5 = 16,000
hreF

The heat transfer coefficient at
the inner surface of the tube
separating the oil and water is
computed by
Nu - 0.023 (Re)0,8 (Pr)°,U
using fluid properties
evaluated at 150°F. Thus

< e 7 » x ofFe x 77

e 55,400
Prm 122
1" °"027 X =N\ X
(55,°00)0,8 (122)0,It

. 19a0_SiSil|i__
hr.ft™F

Note: It was assumed that J (50,000,

2.0, 60%) was the numerical average

of evaluated at the locations of

maximum and minimum separation.

Hence J (50,000, 2.0, 60%) =

172 t ,U8 S

N —p=-172

Water

(WC) - 8,000 x 1.0 - 8,000
hr°F

The heat transfer coefficient at
the outer surface of the tube
separating the oil and water is
computed by

Nu - J (Re.™.e) Prn5

using fluid properties

evaluated at 100°F. Thus

4 8.000 12 105
R* “ n x M"0."x3"00 x 1.50 x 0.74

« 50,000
Pr - 452
h . 0M64x12 Xx
0 0.500

J (50,000, 2.0, 60%) (4.52)1/5

From Figure 8

Minimus
Separation

N —138

Maximus
Separation

h - 870
o} 2

4.52)~

hr.ft®°F
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The solution of the similtaneous linear differential equations govern-
ing the performance of the heat exchanger yields the temperature distri-
butions shown below. The actual temperatures in the plane midway
between the ends of the heat exchanger indicate that the temperatures

chosen to eviOLuate the fluid properties were reasonable.

TEMPERATURE DISTRIBUTION AS A
FUNCTION OF SURFACE AREA
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(b) The average temperature in the wall of the inner tube

The maximum tempprature in the wwU of the inner tube occurring at the

location corresponding to the minimum separation of the boiunaxr.es of

the annular nnrRRAira

The minimum temperature in the wU of the inner tube occurring at the
location corresponding to the maximum separation of the bouinidries of

the ------ B


boiunaxr.es

