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LOCAL SHELI3IDE HEAT TRANSFER COEFFICIENTS 
IN PliE VICINITY OF BAFPLE. IN 

TtflUIÀR HEAT EXCHANGERS 

SECTION I 

INTRODUCTION 

Heat transfer is an important unît operation in moat 

industrial processeE arid In most cases heat must be trans- 

ferred from one f1oriní fluid to another. For this 

ourose fu1ed heat exchangers are commonly used, In de- 

sip;)i.ng ìi-t exoharigers the engineer encounters diffi- 

culty 1n shell-side heat transfer coefficients owing to 

ahortage of fundnmerta1 information on the fluid f1or 

patterns and their associated effect on heat transfer 

rates. The available information concerns average or 

overall v1ues useful for the design of similar heat 

exohaners but becomes Insuffiolont to dei a oomplete- 

ly new type. In other words, very little of the dyna- 

nics )f the fluid or the heat is known so t}at a more 

fundamental approach to the deìn rob1ern, other than 

the empirical method is not ossib1e. 

The shell-side heat transfer coefficient depends 

on the geometry and dimensions of the exchanger sìrnh 

as baffle type, baffle spacing, baffle size, tube size, 



tube spacing and. the various clearances between the 

parta of the exohanger. The most common type of baffle 
is the segmental baffle or half noon bafle with a 

baffle cut of 25 per cent of' baffle diameter. Other 

types of baffle are the orifice baffle and the disk and. 

doughnut baffle. 
A decrease in baffle spacing causee an increase in 

the local velocities and the number of passes across the 

tube bank and consequently the heat transfer coefficIents 

increased. Effeot of tube size rind tube spacing are dif- 
ficult to separate as the effectiveìess of a tube is 

dependent on the clearanoe between the tubes. For the 

same size tubes an increase in tube spacing causes the 

heat transfer rate to Increase. An increase in the 

clearance between the shell and baffle and between tube 

and baffle decreases the heat transfer rate. some 

exploratory research with a view to investiate these 
effects and to detect the flow pattern by evaluating the 

local heat transfe rates was done by Ambrose (l,p.l-193). 

This work shoîed that addition of baffles and an increase 

of tube spacing both caused an increase in heat transfer 

rate. i3etween the baffles, a cross flow, longitudinal 

and eddy flow zone were detected. The effect of baffles 
was conclusively denonstrated along a t)e in the 
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exchanger y the large values in the baffle holes rnd 

moderate va1ue 1 the baffle wiMo't. 

The resent Investigation ras undertaken to conf lrm 

the findings of Ambrose (1,p.11L.) and to make a more 

thorough study of the viriation of heat transfer ratee 

along the tubes. The crork :ras done with the same 

apparatus a Ambrose used. Ioal heat transfer rates 

for two baffle sac1n s and three flow rates rere studied 

between the central two baffles and three fourth inch inter- 

vais. 

From this study it was fossible 1) to correlate the 

results with literature 2) 

results of Ambrose (l,p.11+), ) to study the effect of 

baffle spacing, ) to study the effect of flow rate, 

5) to detect the flow pattern on the shell-side of the 

model heat exchanger by studyin. the variation of heat 

transfer rates around and along the tubes. To make the 

results more easily interpreted, the data are presented 

in Liloture form. 



SECTION II 

REVIi1 OF LITERATTJTE 

The unit operation of heat trarsfer Is encountered 

tri most indutria1 processes and has been nvetg)ated. 

exten$tvely jy engtneers and scIentists alike. The 

rnechanirn of bent traf'8fer i f ' irly hell knom but 

still there are riany aspects of it that need. further 

tudy. 

There are three iray to transfer heat: Conduction, 

convection and ra1ation. Of these convection is most 

rn'ortant for transfer of beat beteen two f1uds. 

The rate of heat transfer by conduction is 

)roportiona1 to the surface area and the temperature 

grad. tent 

where 

qz kAt (1) 

q rate of heat transfe 

A area tranaferrinr. heat 

t tei erature gradient 

k croportioriality constant 

This proportionality constant for this equation is 

the thermal cand'ctvity k. This can also be thought 

of as a easure of the resistance to flor of heat. 
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The rate of heat transfer by convection is 

proportional to the surface area and to the temperature 

difference between the surface and the btilk of 1;he 

fluid. 
q h A (t5-. tf) 

where 

q . :'ate of beat transfer 

A = area transferring heat 

(t5- tf) = teinerature differnce between surface 

and .luid 
h = proportionality constant 

This prQ)ortionallty constant is called i heat 

transfer coefficient and this equation is analo:ous 

to the equation for coMuotion. 
rre rate of heat transfer by radiation is pr000r- 

tional to the urfaoe area and. to the fourth power of 

the temperature. The heat transfer equation is also 

analogous to the otLer two equations dcussed above. 

Forced convection is widely employed in 

industrial processes where heat must be transferred 

from one fluid to the other, Heat exchangers are 

used for this purpose. 

In forced convection the resistance to heat 
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flow i greatly influenoe by the flor oharacter1tios 

of the system. For this reason the mechanirn of fluid 

flow close to a hetThí: or cool1n' iurfaoe 1 of 

primary importarme from a heat transm iìon standpoint. 

As a fluid in turbulent motion flows past a solid 

boundary three types of flow occur near the boundary, the 

layer in direct contact with the surface i in laminar mo- 

tioxi. It is called the imninar sublayer. Evidenoe of 

existence of this layer waa demonstrated by Couch arid 

Herrstrom (*) by an unaisturbed color band at the surface. 

Bordering the lamthar sublayer is a buffer zone consIsting 

of both laminar and turTi1ent flor, It is a general 

belief that the thickness of the buffer layer varies with 

time because of the more or less ueriodio formation of 

vortices ( 22, p. 152). Beyond the buffer zone the flow 

is turbulent and is characterized by a flow stream made 

up of a large number of eddies and of .artioles in 

chaotic tnotion. 

Transference of heat takec place from the surface to 

the laminar layer by moleoulr conduction. In he buffer 

zone and turbulent core, heat is transferred mainly by 

mixing of the particles with molecular couotion playing 

a very minor role. The laminar layer therefore offers 

the major resistance to flow of heat. The resistance of 

the buffer layer varies inversely as the turbulence. 

* uoted i Ncdamc (22, . 152) 
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The bulk stream has Very little resistance. o increase 

the heat transfer rate the thickness of the laminar 

layer is reduced by inoreasiní the bulk fluid velocity 

or turbulence. 

1. Heit Transfer Normal 1.ng1e Cylinders 

The variation of tube to fluid heat transfer cocí fi- 

cients around a sinle cylinder tube placed normal to a 

flowing stream has been studied at length (13, p. 375-381), 

(:37, p. 1-79), (31, p. 177-180), and (36, p. 1087-1093). 

A cornarison of the data obtained by these investigators 

is in enera1ly in agreement. A plot of the Nusselt 
hd number -g- versas the angle measured from the leading 

edge ives to tye'. of curves. In one type of curve the 

Nusselt number decreases from the leading edge to a 

minimum in the range of 0 to 105 degreea and then in- 

creases again. In the other type, the variation of the 

Nusselt number is simi1r exoet that it shows t'o nini- 

munis, one in the 80 to 105 degrees range and another at 

130 degrees. The second type curve occurs at a Reynolds 

number of 5 X at low turbulence or beyond 5 x l0' at 

high turbulence. 

A laminar boundary layer forms on the cylinder at 

the leading edge and increuBea in thicknes up to 80 or 

105 degrees. In this vicinity the boundary layer 
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separates causing a minimum Nusselt number. In the second 

type of curve at high enolds numbers and high turbulence 

the ooundary layer becomes turbulent before it separates. 

The first rilnimum is the point of transition of laminar 

to turbulent f lo in the boundary later. The second thi- 

mum is the point of searation. 

Levy (21, p. 3La_3L48) has c;1culate local heat trans- 

fer coefficients alonp submerged bodies in terms of several 

parameters for specific Prandtl numbers, The following 

empirical relationship has been obtained from the data of 

Schmidt and Wezrner (26, p. 1-15) for th prediction of 

local Nusselt numbers around cylindrical tubes in cross 

fi o'r. 

0.5 
Nu 1.1L (Re) (Pr) 

where 

Nu Nus seit number 

Re Reynolds number 

Pr .i-randt1 number 

r (î.\31 

L1°' J ...... (3) 

e the angle measured from the leading edge 

This equation holds for angles up to 80 deees and. 

Reynolds numbers less than 5 X 

2. i{at Traneii Noriiia1 Tube Banks 

Considerable research has een done in order to 

ìtnderstand he mechanism of heat transfer and flow of 
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fluids across banks of tubes. Common variableB affeotin 

the rate of heat transfer are tube size, tube spaoing 

tube arrangement, types of fluid and f1u19 f 1or rate. 

Uua1ly the tubes are arranged in one of two ways: 

(i) square or inline j4toh, or (2) triangular or stag- 

gered pitdil. 

The staggered arrgement gives substantially higher 

heat transfer coeffidients than the inline arrang ornent 

(22, P. 271) as demonstrated by the investigators of 

bergeltn, (2, p. 955), (17, p. 387-896), 

(lLj, 1. 5835914), (30, p. 11-20), (11, p. 1-15). The 

results of these workers indicate that the first row of 

tubes has a Nusselt number whioh is about kO per oent 

below the nverage for the whole bank. The Nusselt nurn- 

ber increases from the first row to a maximum at he third 

row, decreases slightly at the fourth row an stays 

essentially constant for all following rows. 

3. Baffled Tubul:r Heat oancers 

Baffled tubular heat exohanger re wldely used in 

industry where heat transfer by forced convection between 

two fluids is desired. uoh exchangers consist of a tube 

bundle loctec inside a shell, 'ith one fluid flowing in- 

side and the other flowing across the tubes. In the de- 

sign of a heat exchanger it is necessary to know the 
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various resistances to heat flow the effect of 

structural features and dynanilos of flow of the fluids. 

(a) Resistance to get Flow Hex.t Exchangers 

Fourier's law (12) for unidirectional conduotion of 

heat states taathernatically 

- - kA dt (J4) 
- dx 

where 

da - differential rate of heat transfer er time 

k = thermal conductivity 

A area of heat transfer 

dt temierature gradient along the path of heat 
dx t runs fer 

For stead::r state, the equation becomes 

dq. -k dt (5) 

dA dx 

on integrating it becomes 

q. t t 
X/kL&m 

ther-fore 
X (7) 

- 

where 

R the resistance 

A mean area 
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For the case of convection the heat transfer equation 

is modified as 

q hA A t (8) 

here 

h Coefficient of heat traisfer from surface to fluid 

So the resistance R in this oase will be 

1 
(9) 

These reciprocal resistances or conductances are additive. 

Cons±dering that the heat is flowing from the shell- 

side fluid. to the fluid inside the tubes, the following 

resi$tances are encountered: Shell-side film (laminar 

layer close to the tube surface) ; he1l-side deposit or 

socle; metal tube; and the tube side film. 3hen the 

thickness of the tube is snail compared to its diameter, 

the following equation aay lie derived ns described above 

:1 + i 4-+ _l__ i (lo) 
U A5h5 A5h Atht 
where 

Ii5 film heat traisfer coefficient of shell-side fluid 
= scale deposit heat transfer coefficient on shell- 

side of tube 

xw thickness of tube wall 

k , tbrmal conductivity of tube material 

ht heat transfer coefficient of tube fluid 

scale deosit 'et transfer coefficient inside 

tube 
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A8 shell-side area 

At tube side area 

Aav: avera,e of tube and shell-side area 

Resistances due to the scales and the tube materials 

oan oe evaluated simly. The film heat transfer coef fi- 

dents for fluids inside tubes can be evaluated from a 

Colburn type equation (5). This is also given in 

MoAdams (22, p. 219). 

j2_ : 
O.()23 

( 

tc!.)o.B (±:)osLl (Il) 

where \ 
k 

h : the filin heat transfer 3oeffiient Btu/hr. ft2 

dj the inside diameter of tube in ft. 

k : the thermal concluotivity Of t1 fluid 

Btu/iir. (sq ft.)(deg F per ft) 

G the mass velocity lb/hr. (sq. ft) 

the viscosity lb/br.ft. 

Gp = the speotfic heat of the fluid Btu/ib. deg F. 

Evaluation of the shell-stde heat transfer ooeff i- 

dents is difficult because of the complexity of the 

flow atterri on the shell-side. Nost data have been 

correlated by means of emirical equations for a 

i united number of exchangers variables , as anti med below. 
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(b) f h.e11-idq ' j heU- 

fiLt. I1ì Trmsfr Htcg 

The shell-side heat transfer coefficIent for a heat 

exchanger e :ends on the geometry of the exchanger and the 

propertlec of the fluid. Variables describirthe eometry 

are baffle type, baffle spacing, baffle size, tube spacing 

and the various clearances between the parts of the heat 

exchanger. 

The tyes of baffles commonly used are segmental or 

half.-moon baffles, orifice baffles and disk and doughnut 

baffles. The segmental baffle Is the most widely used. 

For this type of baffle the baffle cut is generally 2.5 per 

cent of the inside diameter of the shell. For the same heat 

transfer rate the peasure drop increases in the f oilorng 

order: disk and doughnut baffle, segaental baffle and the 

orifice baffle. 

Any geometry change which allows the fluid to mix more 

thoroughly after passing over the heat transfer surface 

causes an increase in the hea t transfer rate. The time 

required fo the flow to progress from one heating surfoe 

to the next is referred to as the mixin». time. 

For a Iven length of exchanger and a given rate of 

flow a decrs in baffle spaoin increases the heat 

transfer rate for all the three types of baffles This 

is confirmed for the segmental baffle case by the 



thvestgation3 of Ambrose ( 1, p. 95). Th1 Thcre in 

heat transfer rate Is attributed to hither local velocities 

and larger number of passes across the tube hank which more 

than offset the drop of heat transfer due to decreased mix- 

ing time. 

. emiiler baffle cut In the segmentai baffle increasea 

the velocity through the baffle wtndor and also extends 

the length of cross flow aoros the bank. This increases 

the heat transfer coefficient. Donohue (8, p. 2503) iot- 

ted the d of both short (28, p. 55) and Tinker (33, p. 97- 

103) for segmentai baffles hevinc varying depths of outs nd 

found. that the rate of heat transfer oe increase with de- 

creasing baffle cut. 

The effect of tube size and, tube spacing are difficult 

to separate as te effectiveness of a tube is dependent on 

the clearance between tubes. For constant tube clearance and 

local velocity, a reduction in the tube size results in the 

increase of heat transfer rate. An increase in the tube 

spacing also causes an increase in the heat transfer rate 

( 27, p. 779-785) and. ( 1, p. 99). 

The mechanical clearances between the component oarte 

of the exchanger significantly affect the heat transfer 

rates. Reduction of clearances Increase the heat transfer 

rate but also increase the pressure drop across the ex- 

changer. For an economical design optimum clearances 
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bou1c determined to keep the heat transi er rate at a 

maximum and the power cost at a minimum. The effect of 

clearances on the heat transfer rate depends on the flow 

pattern and fluid leakage in the clearance. The iíf 
cant clear:nces in : heat exchanger are: 

1, The baffle cut or baffle window, the maj zone 

of' leakage. 

2. The clearance beteen tube and baffle holes, 

3. The clearance between tube bundle and shell. 
. The clearance beteen baffle and hell. 

5. The sace between tubes. 

6. The space in the unbaffled end zones. 

The above clearances are often determined from 

consideration of factors such a thermal, oorrosive and 

fouling characterst1cs of the fluid to be handled; de- 

sigT pressures ; means of providing expansion; structural 
strengths of .. aterials, costs, tnachinabilities, etc. 
They are necessary and cause inevitable 1eakae. It can 

be stated in general that an increase in the clearance 

deore-ses the heat transfer rate and vice-versa except for 

the clearance between tubes which shows an opposite tenden- 

07, These facts are substantiated by the investig.ations of 

l)onohue (8, p. 2509), Perrone (25, p. 71-72), Tinker 

(34, p. 110-115) and. Ambrose (1, p. 115). 
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(C) ína1yts SbeiL-ide FLOw 

Flow on the she11-ide of a. boat exohanger Is 

highly oorA1ioated. Leverai woraer have ttempted 

to analyze the problem c1Ividtn, the she11-1de into dif- 

forent types of flow zors. ?lost workers cOnBlder only 

a two-dimensional flow pattern on a centza1 longItudinal 

oros seoian of t)c exohanrer and assume the same 

atten in a erpendcu1ir direotion ut there appears to 

be a pattern in the perpendicular direction also as can 

be exeated in any three-dthenstonal flow. 

Donohue (S, p. 2i499-25l1) considered the flow In 

a baffle space in two parts, f1or throuh the baffle 

w1r2d0w as longitudinal and flow across the tube bundle 

a; oros-f1ow. This dIvision is shown in Figure 1. 

A is the longitudinal flow zone and B and C represent 

the cross-flow zone. 

?eirone (25, p. 71.-72) made the ßare division but 

considered the cross-flow distance to be between the 

center of gravity of the baffle window and the center of 

gravity of thc' next baffle window. 

Gupta and Katz (16, p. 998-999) divided the flow in 

a baffle space ifltø three parts A, B, and C as shown in 

Figure 1, A is the longitudinal flow zone; i the eddy 

flow zone; and C Is the true eross-flow zone. These 

zones were determined, by a visual study of colored 
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FLOW ZONES IN A HEAT EXCHANGER WITH SEGMENTAL BAFFLES 
FIGURE 1 



po1y8tyree boad.s in the he11 side fluid of glass heat 
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exchanger. This exchanger has no clearance between tuoes 

and affies or et'ieen affles and shell. 

Guriter, ennstrom arid Kopp (15) show the flow patterns 

for flow past o1id baffles of varying heights arid 

spacings. These patterns vere obtained by obervtion 

of fine aluminum powder on the surface of the fluid in a 

two-dimensional system of btff1es and exchrner. Even 

in this case there are 110 clearances other than the baffle 

window. The eddy zones are easily disoerni:1e in the 

patterns. 
Tinker (32, p. 89-96), (33, p. 97-109), (34, p. 110- 

116) has made a more detailed analysIs of the shell-side 

flow. He has taken the leakages due to the various olear- 

anoes also into consideration. The flow pattern is 

simiuioant1y affected by clearances. He divides the flow 

into five zones: 

1. A cross-flow stream through the tube bundle. 

2. Orifice leakages through the tube holes. 

3. Parallel flow throu h baffle windows. 

4,. Flow in regions of transition betweeui parallel 

and cross-flow. 

5. L)- - ass streams around the tube bundle. 

These streams are affected by the various clearances 

between the heat exchanger oomonents, and consequently 

the heat transfer rates are affected. An increase in the 



tube liole clearance of 1/6Li inch results th a reduction 

of the croSE-flow heat tran sfer coefficient by 10 per 

cert, Tinker (31+, p. 110). ír irorease of 1/16 inch 

of clearance reduo the coefficient by 8 per cent. 

This however is more for sm'11er excharwers then large 
ones. 

Corn1ete eliinintion of hll to tube bunuile 

clearance can result in an increase of cross-flow hot 
transfer coefficient by as much as 40 er cent, Tinker 
(3Li, p. 111). 

It is interesting to note that the pressure drop is 
red'ced by increasing the various clearances and the 

power requi:'ement is lower but for a given heat transfer 
rate the power requirerent for an exchanger 4th less 
clearances is less than the exchanger with more clear- 
ances. 

(cl) Shell-1ide He Trftnsf er eicient 
Ail the data on shell-side heat transfer have been 

correlated. empirically since the complexity of the flow 

pat;ern arid paucity of fundamental knowledge of the flow 

::;attern reoludes an analytical solution. However if 
iriore information on the actual dynamics of the flow is 
obtained it miu'ht be possible to obtain an analytical 
solution. 

The method of correlation deends on modifying the 

mass velocity of the f lo' of fluid through the exchanger. 



Various investi 'tors have adopted different methods. 20 

Donobue (, p. 2502) determined a weighted macs 

velocity by taking the geometric mean oI the cross-flow 

mass velocity aM the longitudinal mass velocity through 

the baffle window, 

Donohue (8, p. 250k) proposed the Í'o1lo'rin: equation 

for tubular heat exchangers: 

0,25 (e'°6 (C 0.3 
/ 

o.14 (12) 

k I, k! (7) 
where 

h heat transfer coff1cient, Jtu/hr. ft.2 0F 

(1 outs±de diameter of tube, ft. 
a thermal oduotivity of bhell-side fluid, 

Btu/'nr. ft.2 °P/f t, 

0e weighted mass velocity " / f2 
JJuA 

w : mass rate of f1or, lb/hr. 
A, baffle window area, ft. 

Ji 

A cross-flow area, ft.2 
/4' average viscosity of shell fluid, lb/hr. ft. 

viscosity of shell fluid at heat exchange surfaoe, 

lb/hr. ft. 

cp 
speciflo heat, Btu/lb. °F. 

'1t1liams and Katz U5, i-. 26), Jiergelin, 

(:3, p. 3l) and Ambrose (1, p. 89-9k) used the same type 

of analysis in their correlation work. 

Short (28, p. 6) used an verage mass velocity which 
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ooniat&. of three equally wei:-htea. parts: 

i. Nae velocity through the bafflec. 

2, Mzss veioc±ty throwth rinimum crea perpeiwUoular 

to tuhe. 

3. Mase velocity through the maximum area perpen- 

dioular to tuhe. 
He used the following equal;ion foi' Begmerital baffled 

exohuigere: 

15.8 (ca.)°.32 (d°'5 [dGs(Bl72J 
6 

n.6 o.6 
(13) 

where 

P tube pitoh, ft. 
G3 :mas f1or rate in shell without baffles, 

lb/hr. ft.2 
L active length of exohanger, ft. 
13 baffle height, ft. 
s .baffle spacing, ft. 

and th ret hve the usual sic;nifioanoe. 

Kern (18, p. 137) has used the equation 

1oT)e 0.36PeGe')°55 (1/3 1_AA \0.]J4 (lLi) 

k \A4) k) 
wher e 

ho : heat transfer coeif1oent for outside fluid, 

;.)tu/hr. ft,2 °F. 
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De quivt1ent diameter ±or heat t nzfer and pressure 

drop, ft. 
k thermal Qonduotivity, Btu/hr. ft.2 °F/f t. 
G siL11-1de macs velocity, ib/br. ft.2 

v1oaity, lb/hr. ft. 
vicoc1ty at e-wall tn)erature, lb/hr. ft. 
vL)sìty, ib/ìr. ft. 

C : secifio heat of fluid, Btu/lb. F. 

He indicatei that a plot of the above equation for the 

test data of Bre1deribch and. O'Connell (1f, o 761-776) 

agrees very ie11 with the methods of Colburn (5, p. 174- 

210) and short (27, 779-785). Tinker (32, p. 39-96) 

¿va1uated the effectIve area of flo'r by in correction 

factors. This effective nrea as ued to calculate the 

eff'eotive Reynolds number. A cro-flow coefficient was 

calculated by tiu1ttp1yin 1ie total heat tramfer coef- 

fiotent by the effective area. Tl1s cro3n-flow coeffi- 
oient was used In the oalcu1atio of the Nusselt umber. 

He made a log-log 1ot of the dimensionless term 

Nu(Pr)'3 ()_14 versus the effective Reyno1d 

number aii obthlned a g . ood corre1atIoi f'or il different 
baffled oli cooLer3. 

it can De seen In 1l these correlations that the 

averìge hel1-Ide heat transfer coeffcient re 

evaluated from exerImerìtl drtta and use is made of a 

modified maaF velocity to correlate them but this approach 
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nothing about the actual dynamics of heat or fluid flo. 

Hence, it is parent that more knowledge of the flow 

pattern and ftc effect on the local heat transfer rates 

is necessry to make a more fundamental approach to this 

roblem. Ambroce (1) made a step in this direction but 

extensive 'rork needs to be done. 

?ethods Determinn Local Heat pnf 

Coefficients 

several methods have been used to determIne local 

heat transfer coefficients, each of which has some advan- 

tages and sorne disadvantages. Of the several methods 

mention may be made of Thomson, (31, p. 177-178), 

schmidt and enner (26, p. 2-h), 7app (37, p. 232r), 

Dwyer, (li, p. 5-7), Geidt (13, p. 375-377), and 

the cublimrtion of naphthalene method. detailed 

discussion of these methods as made by Ambrose 

(1, p. 26-1) and he came to the conclusion that Geidt's 

method is very well suited to this type of study on t1e 

follo;Ting considerations: 

1. Ability to measure ternjeratures at close inter- 

vals is necessary. 

2. Neoesity of an isothermal íurfaoe is not 

de irable. 

3, Easy transference of the measuring devtce from 
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position to position and maintenance of the 

shape of the device are desirThie. 

A short response tiLle is necessary feature. 

These considerations rere very well satisfied uy the re- 

L3îstanoe heating technique used 1y GeicIt (13, p. 376-377). 
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ECTION III 

EXPERI MENTAL EQUIPMENT 

The heat exohaner aaratus hom in Figure 2, was 

fabricated and used by Ambrose. The same apparatus was 

used in the esent work. It consisted. mainly of a 

model het exchaner, a sensing probe, a direct current 
power source, an emf rieasuring arrangement and an air 
source. 

1. The Model Heat Exchanger 

The exchanger was 5-inches long. The six-inch 
diameter shell was made of lucite lat10 tube. The 

tube bundle was ade u of fourteen one-inch aluminum 

condenser tubes, steel tie-rods, and iiastic baffles and 

tube sheets. Figure 3 shows the tube bunUe. The shell 
had an en.:ranoe and an exit for air at right angJ.es to 

the axis of the exchanrer. The baffles were 1/8-inch 
thick plastic sheets. The dimensions of the shell, tubes 

and baffles are shown in Table 1. 

2. The Jensing Probe 

The sensing probe could measure the temperature at 
any point along or cround a tube, from which measurements 

the local heat transfer coefficients could be calculated. 



TkìLE I 

Dimensions of Heat Exchanger Components 

Exohager She],j 

Inside diameter .5.710 - 0.03 inches 

OttsIde diameter 5.937 - 0.03 inches 

Length Li'5.00 Inches 

baffle diameter 

Height at Cut 

Drilled Holes 

Outside Diameter 

L 

559J4 - 0.002 Inches 

- 0.002 inches 

1.063 - 0.010 inches 

Tubes 

l.)0O - 0.0)l inc1es 

Dr11ld Ho1e 

Tube Doles in Tube Sheets 1.000 

Tie-Rod Holes 3/16 

Flange-Tube 11eet i3olt Holes l/14 

0.003 Inches 

Inch 

inch 
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igure 2 Nodel Heat Exohanger and. Associated Equipment 
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Figure 3 Tube Bundle 
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The probe could oc moved f roui oi loot1on to the other. 

Three one-inch wide by 0.002 inch thick pieoe of 

Trophet C re$istanoe ribbons were wrapped 2round a 

p1a3tiO bar as shown in Fire The Trophet C resis- 

tmoe ribbon had a resistAnce of 0.271 ohm per foot and 

a thermal conductivity of 7.63 Btu/Hr. Ft.2 °F/Ft. 

Electric power was supplied to these ribbons by copper 

bars rhich also held them in O8itiOfl. Seven iran-constan- 

tan thermocouples were located in a groove under the 

center ribbon and insulated from the ribbon by a layer of 

"Saran Wrap0. Thermocouple leads entered from a multi;le 

jonction selector switch at the upstream end aM the 

power leeds from the opposite end. The ìrobe wts sup- 

ported between two pieces of aluminum condenser tubing 

with plastic rdopters . A-C power was sup ilid to the 

rtbbons after stabilizing by a Raytheon voltage stabili- 

zer and converted to D-C power by a Selenium rectifier. 

A wiring diagram of power supply is shown in Figure . 

The current flowing in the circuit was measured by a 

eston ammeter. The ernf developed due to temperature 

difference between the 7 hot junctions and one hot 

junction in the flowing air and a reference cold 

junction were measured with a Leeds and Northrup :preoi- 

sion potentiometer. Values were read to 0.001 millivolts. 

The thermocouïle connections and the wiring diagram are 

shown in Pi: ure 6. 
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FIGURE6 WIRING DIAGRAM FOR POWER SYSTEM 
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:3. The Air Source and. Cooling ycten 

À Roots-type blower rated at 280 cubic feet per minute 

at 3j psig wa used to pump the air which wa used a the 

sho11-Eide fluid. The air fio system is sho;rn in Pigure 

7. Air frorri the blower pas3es through tro aoo1er, a 

calming section on to an orifice meter ard Into the ex- 

changer. It iE3 disoharged through a muffler into the 

atraosphere. Valves are provided to control and bypass 

the air f10 in the exchanger. Two manometers for the 

orifice nd another for measuring the presì'e drop 

across the exchanger were used. The two manometers for 

the orifice were connected in parallel and had liquids 

of den$ities 0.830 and 2,9k8 to facilitate roï'e accuracy 

in measuring low and high rates of f10 respectively. 

Two pressure gauges, one before the orf iCC and another 

before the exohanger were used to permit calculation of 

the f lor rate, 

More construotional details of the apparatus are 

given by Ambrose (l,p.32-56). 



AIR INTAKE 

] 
ROOTS TYPE 

BLOWER 

COOLING WATER INLET 

I-i- 

-H 

FINNED 
COOLING WATER OUTL 

COOLER 

TUBULAR COOLER 
I 

FINNED 
VALVES I COOLER 

MUFFLER 

MODEL HEAT EXCHANGER 

PRESSURE GAGE 

PRESSURE DROP MANOMETER -# 

DISCHARGE TO ATMOSPHERE 

ORIFICE 

FIGURE? AIR FLOW SYSTEM 

CALMING 
SECTI ON 

\) PRESSURE GAGE 

FLOW MANOMETERS 

'J) 



5 

SECTION IV 

EXi'ERIMENTAL PROGRÀN 

An understanding of the dynamics of the fluid flow 

and the heat transfer being the chief aim of the 

investigation, it was decided to restrict the study to 

the space between the two central baffles. Also only 

one tube spacing of i l/J-inoh triangular »itch for a 

fourteen tube bundle was studied. This area will he 

herefter referred to as the central chamber. 

i. InVestgatio Iositions 

To obtain a detailed picture, local heat transfer 
coefficients on each tube of the fourteen tube bundle 

were determined at three quarters of an inch intervals 

for the entire centrai chamber for two b.f fie spacings 

of 6.13 and ¿.09 inches and three flom rates of 60, 90, 

and 120 cubic feet per minute. The intervals were smaller 

in the vicinity of baffles since a sudden drop of heat 

transfer rate ws expected. The baffle sacings and the 

positions investigated are shoun in Table 2. Also 

Figures 12, 13, 14, 15, 16, and 17 show he positions 

investigated and the local heat transfer data at those 

cross sections. 
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2. aff le Sorìciflg 

Two af fie arrangements it!î six an9. ten baffles were 

deemed sufficient to confirm the findings of 

Ambrose (1, p. 114) as to the effect of baffle spacing. 

To facilitate a closer examination without involving 

too much of work, the short spacings of 6.43 anñ 4.09 inches 

rere chosen. Details of ihese arrangements are shown in 

Table 2. 
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ßaffle Arrangement th Model-Heat Exchanger 

Baffl bpgoiflp 

Number of Number of auule Lac1ng Distance between 
Tubes raff1es inc})e Baffles - inches 

1L. 6 6.3 6.3o 

10 4.09 397 

ives tion .tL2.jt1o2s 

investigation )i&tanoe Measured From 
Position Number The Upstream End--inches 

6 Baff1e 10 BaÍ'fles 

1 19.29 20.45 

2 19.50 21.00 

3 20.25 21.75 

4 21.00 22.50 

5 21.75 23.25 

6 22.50 24.00 

7 23.25 24.55 

8 24.00 

9 24.75 

10 25.50 

11 25.72 



3. Flow Rate 

To get a sufficiently ride range of Reynolds numbers 

three flow rates 'rere selected: 60 cfm. 90 cfin. and 

120 ofm. ixty cic feet per minute was found to be the 

minimum rate of floi to assure sufficient turbulence nd 

to Drovide a co:w)arison between the measurements made by 

Ambrose ( 1, p. 66), since a majority of his data were for 

a flow rate of sixty cubic feet per minute. Flow rate 

higher than 120 cubic feet per minute were found to result 

in excessive leakage at the joints in the exchanger and 

also in the air cooling coils IThich could go unnoticed 

resulting i erroneous results. Tbis range of flo rates 

provided a Reynolds number range from 10,000 to 26,000. 

Lj Therrnocotu:J..e Tjthe Numberin: tern 

The method of thermocouple numbering was the same as 

that of Mibrose (i, p. 59), Tube nurbering and thermo- 

couple numbering arrangements are sho'rn in Figure il. 

The thermocouples are numbered anticlockwise from an 

arbitrary line on hc air exit side of the exchanger. 

Positions on tbe tubes were indicated by the angle raea- 

sured from a point on the tube on the exit side of the 

exchanger. The tube diameter drawn along this point is 

parrallel to the plane passing through Lhe axis of the 

entrance and the exit of the exchanger. he first 
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junction is located at 22 1/20 wd scOeed1n; juictions at 0 
intervi of ¡45 Tiìe seventh junction located at 

292 1/2°. Tube numberin i different from that of 

Ambrose ( 1, p. 59). 
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ECTION V 

EXOERIME1\TTAL IllO CET)TJRE 

The jrocedures adopted in the present study and by 

Ambrose (1, p. 67) were the same. he steps performed 

in operating the equipment and recording the daa are 

listed below 11 order. 

A. Several preliminary preparations were made be- 

fore startin:. the equipment. 

1. Ice was placed in the thermos bottle m1 

the cola junction of the thermocouple ras 

well submerged in it. 

2. The potentiometer was balancei against the 

internal standard cell. 

3. The sen$ing probe was placed in the first 

tube location and th first position to 

studied. The position of th probe was 

adjusted by noting the figures marked. along 

a horizontal line mrìed on he probe. 

For exam1e the' first osition in the 6 baffle 
case was 19.29 inches from tile upstream end. 

The mark on the ;robe read 19.29 inches from 

the upstream end. The mark on the probe read 

19.29 0.75 inches. Another check ras to see 

whether the center of the central ribbon was 
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on the baffle or not. The same test tas ap- 

plied in the last investig;ation also. 

Lj The rube position, nuiber of .ìaff1es, flor 

orifice size and the barometric ressure 

we''e reorded. 

.5 Temperature of the air was measured by a 

thermometer arid the measurements of the 

millivolt readings of the potenttorneter 

checked. 

6. The water wa opened a11oltng cooling rater to 

flow through the air coolers. 

7. The bypass valve was com . letely opened arid the 

heat excmgor valve closed. 

13. After all the re1irninary operat.onì the following 

iere carri.ed out: 

1. The blower was started and the rate of flow of 

air Into the exchanger regulated by the cortrol 

valves. 

2. The electrical switches were all turried on, 

:3. The ribbon terner ture was allowed to come to 

equilibrium and the enif across each thema- 

couple was measured with the potentiometer. 

Generally lt took between five arid ten minutos 

to reach eqi1ibrium. The millivolt readings 

of the seven prbe thermocouples and one air 



thermocouple were read and recorded. The mea- 

surernents were checked aa1n after two rqinut es. 

If they did riot change they were firialised. If 

they charged the measurements were started over 

again. 

k. The ammeter was read and recorded. 

5, The pressure drop and flow manometers were read 

and recorded. 

6, The pressures at the upstream side of the 

orifice ard the heat exchanger were read and. 

recorded. 

C. At the completion of the operations in part B, the 

position of the sensing probe was changed arid the 

prooedre from B3 to i36 repeated for this new 

position. The adjustment of the robo positIon 

done as described under A-3, Eleven ositions in 

the oase of 6 baffles arid 7 Positions in the case 

of 10 baffles were studied. 

D. T1hen all. the positinris were completed, 

i The power supply was shut off, 

2. The air blower was t'rned off and. 

3. The orifice was changed. for the next desired. 

flow rate, For the three flow rates of sixty, 

ninety, and one hundred arid twenty oibic feet 
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per ;ainute, orifioe6 of size i inch, 1.25 inches 

and. 1.5 Inches respectively were used. 

The same procedu'e from 3-1 to D-3 was re;eted for 

al]. the three flo rates. 



$ECTION VI 

CALCtJLAION OF DATA 

A geiera1 ex;ression for oa1cu1a:1ng the heat trane- 

fer coefficient from meaurea temperatures 1 developed 

by :ikIn an enerpy balance around a differentini lerth 
of resItarrne ribbon owi in Figure 8. Phe energy 

balanoo is s fo1loa: 

(heat conducted in) - (heat generated) (heat conveoted. 

to fluid) - (heat radiated to surroun3ings) -j- (heat con- 

ducted into plastic cylinder). 

Writing this in symbol form an simplifyIng gives 

+ _____ d2t - rad - gond 

h Wr2 d62 A A 

t - ta 

The radiation and the conduction terms are very small 

compared to the other terms in most of the cases and 

could be neglected without Introducing any serious error. 

These assumptions eire in agreement with other investiga- 

tora who have used this method. 

ubatttuting the numerica]. oonstTmta, the equation 

becomes 
11.10 I' 4 2O 

t - ta 
d 

rjj equation was used to calculate the local heat 

transfer coefficients from observed data. The second 
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dertvtive of the terner*t n'e tth etet to ng1ø wu 

v&tiiated wtng c t1ne thre* 'oint utho (2i). 

The totuat o1ou1*tton of th loon]. et tt'nfer øoef.. 

fioietø wai )erfor& on nn A;O IIX ? d1,tta1 

OOE3)Utfl'. h rOD: t InO1Ute4 In the t;«fl1tX. 

An aver9.gL heat tranter offl.oent ?at ev1wtte at 

*ob ponitton ftoi the rtthette *erw of th ooa1 

ooetfIo1nt u'oint th o1raumternoe of the tube. 

A J$uee1t iumer for eaob positt oa1a'1ated uethg 

tht vrì4e bt trcnfr Goetfioent, th tube %iiteter 

an the ther1 ooniuottv1t1 of air at the teprture 

eztttnç in the 1iet exthnger h e etbt o 

a1ou1cttton of flow f 1' oa].oulatton of the tverçe 

va1ue of the Nueiielt nwnbers etere the øaie ea 

(1 p. 79.i80). The eqaett used 'e f»rnthe th the 

appex,dix, The flor r'etee ve i1ao 1ot1te4 on .he 

III E dttt1 ao'uter td the ogr tset5. t t».. 

o1ue1 th the spîtx. 



DIFFERENTIAL LENGTH OF RESISTANCE RIBBON 
FIGURE 9 
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SECTION VII 

ANALY.IS OF DATA 

1. presentation data 

The local shell-side heat transfer data are presented 

in a picture form iii Figures 12, 13, iL4, 15, 16, 17 and 

20. The var&ation of heat transfer rate a1on and around 

each of the 14 tubes in the bundle can be easll' seen 

from these figures. The two or three highest values of the 

local coeflcient re shaded black. This helps to 

indicate more cle;r1y whet is happening in the exchanger. 

Examination of these figures permits the sketching, of an 

approximate f1o' pattern in the baffle space. A schematic 

diagram of the flow pattern is shown In FIgure 20 which 

indicates the various zones and from this lt can be seen 

why the heat transfer coefftcients vary as they do. Con- 

sequently this nethod of presentation is considered to 

be a good way to present the data. 

2. Correistlon Data 

Properly 'reIghted overall shell-side overall heat 

transfer rates for the model hert exohmnrer were cu1culat- 

ed and compared with published values. The correlations 

of Ambrose (1, p. 91) and Williams ,nd Katz (35) were 
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chosen for comrarison since their investigtions were 

crrried out under simii:r conditions the oorreThtions 

were also simIlar. 

The crre1aton of the uresent uork compares very 

fvorab1y with the work of Jllhiams and Katz (35) rnd 

Ambrose (1). 
Cn/a 

The dimensionless term k }\ was calcu- 

lated from the average Nusselt number arid the Prandtl 

number of aii' h1ch was taken as 0,7 in all cases. The 

results are shown in Table 3 and Figure 9. 'Phis term was 

plotted versus the weighted fleynolds number. A stra ight 

line of slope 0.6 was obtained. On the same plot, the 

correlations of Ambrose (I, p. 92) and ni1liams and Katz 

(35) are shown for corn rison. The straight line B of 

Ambrose (1) is somewhat high but line C of Williams and 

Katz (35) is very close to the data. ambrose (1) used 

the i inch tnbes and the 1 l/4 inch tube pitch as was 

done in the eent Investigation but this thta included 

the cases of 2 nd 4 bffles in addition to the 6 and 10 

baffles lnvestigated in the present work. 

. Ainbroseresults are somewhat hIgher thn the resent 

ones. The reason for this can be found in the method 

of determ1nin iverage i'usse1t numbers along the tube. 

Ambrose investi;ted 3 to cross-sections in each 

baffle space and in determining., the average Nusselt 
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number he asume1 1iner varIation of the heat transfer 

ooefflcirnt bet1Teen the omnt studied. In the present 

'rork 11 ross-seotion in a baffle sj. aoe were stdied. 
The curves shoi ±n Figure 18 arid 19 hot in great 

detail the varIation of the het transfer c'efflcient 
along the tube. Txtegrat1on of these curves gives an 

average coefficient for the tubes. The resulting 

coefficientS ic more aorate than those ohtaied by 

Ânilrose and also somewhat smaller since the curves 

obtained by Ambrose are based on only 3 or values in 

the baffle space. 

Lines C and D in Figire 9 are those of 'illiaus and 

Katz (5). Line C is for a segmental baffled. tubular 

hekt exchan;er 'rith a 6-inch shell diameter, 5/8 - thch 

tubes and 3/k - inch tube pitch, and D line is for 6 

inch shell diameter, .-inch tubes and 5/8 - inch tue 
pitch. Line C is associated :ith a tube size to . 

pitch ratio of 0.834 anó line D is assoc1aed with a 

tubo size to tube pitch ratio of 0.8. The present 

cor'elation with a tube size to tube pitCh ratio of 

0.3 is oloer bo lIne C th3n line D. This is expected 

for two reasons, the first is that the heat transfer 

rate should increase irith the ncreae in tube size or 

the clearance when the ratio of tube size to tube pitch 

is held constant. The second 15 the fact that there were 
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no olearanoes between baffle holes and tubes lxi the case 

of line C. This is one of the conclusions of Ambrose 

(1, i. 117). The reason for the line A being s1iLht1y 

lower than line C may e exjlained by he lUTTer tube 

size to tube pitch ratio of 0.8 for A as against 

0.831+ for C. Ho'.rever, all the straight lines have the 

same slope of 0.6 so the results shown in iitre 9 

indicate ooc1 agreement of the present work with those of 

other investigators. 

3. Conariaoxi with Mepsurements Ambrose (1) 

Since measurements nere iade isith the same apparatus, 

thee were three common oros-sections investigated by 

both Mlbrose and the author. These data were compared 

as a further check on the present work. Average Nusselt 

numbers were )iotted versus the tube iositions in Figure 

10 - A, 13 and C. The cross-seotion considered are at 
the center of the central chamber for both the 6 baffle 

Oase and the 10 baffle ease and. on the baffle on the up- 

stream side of the central ohamber. They apuear to be in 

good agreement. Two noticeable changes in C are tube 

number 2 arid 9 which have lower avera-:e Nusselt number. 

This can e ex:1ined. by the fíot that tey are right 

in the baffle out where the turning of the f10 occurs. 

Curve B is in good agreement. Curve A has a small 
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d1vergerce from tue number 5 to 9. However, fair 
agreement in ihe gener1 tedenoy is observed in 11 

the:e t}:"ee o.se T}Ìi coi )ariEon in OteF a fair 
re)roduct1on of the euit obtained by Ambrose (i) and. 

support the reliability of he present results. 

3. Dtsßsion 2. Data 

(a) Effect of 3affie :paoing 

The addicion of baffles decreases the baffle cuacin 

an increases the number of passes the 1ocl tass 
velocitieF across he tube bun3.le. (onsequently the heat 

transfer coefficient is increased. It 1so increases the 

p'essu e crop This effect is sho;m b:. Ambrose 

(i, p. 11k). Increae of heat transfer ooeffioientas 
high as 160 per cent over the unhaffled tase nd 23 2er 

cent over the 6 ìffle case were noteñ . in is uor tri the 

case of 10 baffles. In the present ori the same effect 
j_s noticed also T'ble 6 shows the variation of average 

Nusselt r:umber f2r the tw b-iffle spoings of 6.L3 inches 

arjcl .1 inches. Per cent increase of :verae Nurselt number 

in the oìse of .l inches :affle sacin over t'ne 6.43 

inches baffle saoinr is as high s 25.5 er cent t a 

flow rate of 60 cubic feet er inute. No comarison to 

the unbaffled case ''tas osslble since no data were taken 

for that ease. i1e baffle spacing of 4.1 inches appears 
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to be the minimum that oan be a.opted since i further 

decrease might reïuoe the turbulence i the baffle 

space to t he »olnt 'fte-'e red'mtion of heat transfer rate 

"nil ocair. TbI effect can e notlo& in Figures 12, 13, 

14, 15, 16, 17 and 20. 

The'e is definitely less turbulence in he 10 baffle 

case than in the 6 baffle. Increase of the number of 

baffles also increases the uressu''e drop. 

(b) Effect of Flow Rate 

An increase in the flow rate increases the heat trans- 

fer rate. This is notec9 in both the 6 baffle case and the 

10 baffle case. Considering the per cent increase in 

Nusselt nuner for a f1or rate of 120 cubic feet per minute 

over the Nusselt number for a flow rate of 60 cubic feet 

er minute, there is an increase as hth as 73.35 per cent 

in the 6 baffle oase and an increase as high as 48.16 per 

cent in the 10 baffle oe. 

The lower increase in the lO baffle case was probably 

due to lesser scope for increased turbulence in the 

restrioted saoe. The results are shown in Table 6. 

At higher flow rates there was more leakage through the 

baffle ho1s which brought about more turbulence in the 

eddy zone. This effect was more pronounced for :he large 

baffle s:;aothg. This effect can be observed in Fire 20. 
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The effect of f10 rate In ;he dlffere:lt flor zones is 

dtsoused under a separate heading. 

(o) The Effect of the Clearance 8eteen the Tube 

and Baffle Holes 

It appears that a small clearance etieen the tube 

and .. baffle holes causee an Increase in the heat transfer 

coefficient. This is evident from the high Nusselt 

numbers at the baffle and very cloae to It. The average 

values of Nusselt numüer with and without including these 

high values are sho- n In Table 7. The p " ercentage increase 

of the high va1ue over th lo-' vlues indicates to sorne 

extent th effect of the clearance between the tube and 

thc baffle hole. It le Interesting to note t t the effect 

is uore or less the same for all the flor rites but varies 

with the baffle sscIng. The difference is around 15 per 

cent in the case of 10 baffles and 22 per cent in the 

case of 6 baffles. 2ìe true effect of tube to baffle 

clear'rìoe can only be determined uy comparison with an 

exchanger In rrhich there are no clearances. 

(d) Flow Pattern 

.AS indicated earlier the flo pattern on the shell- 

side of a baffled heat exchanger Is very com;lioated. 

It is much riore coin3lex where there are many struoturni 
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o1earaxioe like the clearance between the baffle and the 

shell baffle holes and the tu.es hch caue leakage of 

the flowing fluid and disturb the flow pattern. 

1, C1eiranoe Bet'reen Tube and iaf fie Hole 

As indioted earlier the lea kage flaw between the 

tube and the hole increases the heat transfer coefficient 

at the baffic and in its vicinity. It also appears to 

affect the flow pattern in the eddy zone. The direction 

of maximum local heat transfer coefficiente Indicate to 

sorne extent the direction of flo since the rnaxiiium values 

occur at the leading edge. heae indicate in Figure 20 

that there are either two different turbulent eddies in 

In the eddy zone ith eddies rotating about the axis of 

the tube or there is a strong effect of the tubo and 

baffle hole leakage resuitin in hIgh heat transfer rates. 

It is believed that the hIRh ooeffioIeiits are due to 

the eddies rotating along the tube axis because the 

directions of approach of flow to two adjacent rows of 

tubes are symmetrical and opposite to each other. Th18 

happens for two sets of rows. If this effect was due to 

the leakage flow lt should have een uniform around each 

tube which Is not the case. The leakage has at lest an 

indirect effect in causing these two turbulent eddies 

in the eddy zone. 
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2. Flow Zones 

Proni an obervation of Figure 20, the sace betieen 

two baff1e can e divided roughly into ;hree zones These 

are 1onitw1ina1 flow, cross-flow, and eñdy flow zones, 

The longitudinal flor odeurs in the baffle windows. The 

oroB-u1ow axd the eddy f1o'r more or less divide the chain- 

ber between the baff1e Into t'To ea]. rts . ihe eddy 

zone i on the u1strearn 1de of the space. The cross-flow 

forrn the bulk of the stream in the baffle space. In the 

eddy zone the fluid searated from the Toss-flow trearn 

goes throuh he eddies and rejoins the main strern. 

Flow in the eddy zone Is a parently quite rbulent. 

The flow pattern in the eddy zone Seeim to 'e sornerhat 

affected by the leakage through the clearanoe in the 

baffle. hi effect is more significant in the larger 

baffle spacing ( six baffles) than for the smaller baffle 

s..)acing (ten baffles) ihe rato of flow of fluid does not 

seem to affect the flou pattern in the baflie spaoe. The 

avera;:;e busselt nuza.ors occuring in the vartous flow zones 

and the overall velues a!:e shoin tn '..ab1e 8. These aver- 

age values are 1otted versus the flow rate in Figure 21. 

Th1 indicìtes that the rate of heat transfer 1norease 

linearly with the r'te of flov in both the longitudinal 

and cross-flow zones, the lines hvin ipproxirnately the 

saine sloe in both the 10 and 6 baffle oases In the eddy 
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zoiie the average Nusselt nurnoer 1ncrease more r.&p1d1y 

ith flow rate thzì in the other two zoros, The curve 

hothg the increase in the eddy zone In the case of 6 

baff1e has a greater Slope than in the ca6e of 10 

baffles, Generally the Nuse1t numbers In th.e eddy flow 

zone re slightly higher than in the other zones. The 

longitudinal zone cornee: next in the order of magnitude of 

the average NuBselt nuraber. he si1htiy greater or equal 

rate of heat transfer Th the eddy zone is cotrry to the 

f1nUng of } uptha ard Katz (16, p. 998-999). In :he ex- 

changer etudiec by these 1nvetigator there wa no 

clearance between the baffle heteen the baffle 

hale and tube. prob2bly aocounts for the lower heat 

transfer coeffc1eits obtained. by these workers 

(e) Variati.on of Heat Transfer Rate Along Tubes 

Average Nuselt numbers at each Investigation position 

for all the 14 tubes in the tube bundle have been plotted. 

versus the distance of investig eton positions measured 

from the uìstrarn end for the two baffle spacings in Fig- 

urea 18 and 19. The l tubes are dtvided into 3 groups 

plotting for easier interpretation. The first groip A 

oonEsts of the four tubes which are located in the 

baffle windows The third group C includes all the tubes 

centrally located and the second group B consists of the 
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remaining tubes, 

It; is interestthr to note that these roup beh;ve 
more or less similarly and. have about the same order of 

magnitude for the avera;e Nusselt number. All the tubes 

loonted in the second group B are praotio:1ly ymrnetrioa1 

ajout the center hut the first group A and the thIrd group 

C have hi her vlue on the upstream end ana sl±htly 

lover values at the dornstream end. This is true in both 

the 
6 and 10 baffle oases. The broken curve in Figures 

18-A and 19-A shois the average values at each investi- 

gtion position, 
The average curve in Pigure 19-À, referrin to the 10 

baffle case îs symmetrio]. about the center 'rhereas the 
correspondin' curve in Figure 18-A has hiher values at the 

upstream end and lorer values at the downstream end. 

This indicates hiher heat 'ansfer coefficients in the 
eddy zone than in the oross-floT zone in the 6 baffle crise. 

They are equi1 in the 10 baffle case. The heat transfer 

rates are maximum at the baffles and a minimum at the 
center of the space between the baffles. The heat trans- 

fer rate decreases y 50 per cent ithin acout an inch 

from each baffle in both the 6 baffle and. 10 baffle case. 

This indicates the zone affected by t} baffle. 



4 

69 
7 6 5 4 3 2 I 

BAFFLES IO 

- 
___________ 

( 

= 
f 

f 

:: 

f 

= 

, 

= 
TI 

______________ 
\ 

- 4,1 _______ ______ - 

f 

- ____ 

AFFLE 

____ ____ 

::::rz= 
DI CTIO 

.7 

_____________ :.__ 

.=::::: 

___ L____ 

-; 

í___ _-___ - 

- 

3,12 

2,11, 

I 
IC ./ E- - , 

24.55 2 2 F5 22.5 21. '5 21 20.45 

OtSTANCE 0F IHVCSTIG*TION POSITIONS MEASURED FR0 IHE UPSTREAM END 

VIEW OF THE EXCHANGER FROM ABOVE 

LI. 

JBE ROW 

5 

oc AIR FLOW 

14,8 

LI IO 9 8 7 6 5 4 3 2 
BAFFLES 6 

BAFFLE 

f, 

, , 

-.--- 

\ 
2' 

-I _____ 
7 

-------------------- 

25.1 2 5 2 75 2 2 25 22. 21. 75 21 2 25 19.29 

LlN,L UI. INYLbIWAIIVf VIIQM NLAUP%U NUN ML tN 

VIEW OF THE EXCHANGER FROM ABOVE 

FIGURE 20 SCHEMATIC DIAGRAM OF TI-lE FLOW PATTERN 

.- SHELL 

TUM ROW 

5,6 

5,7 

ION OF AIR FLOW 

12,14,8 

O 



70 

(f) Variut ion of Heat Transfer Rete Around Tues 

The varthtion of the heat transfer rate nround the tubes 

Can be easi1:r ieen in Figuree 12, 13, 114, 15, 16 and 17. 

The maxlDRznl two or three v iue have been indicated by 

shadin the segment of the circle. These are believed 
to indicate the direotion of fluid f10 past the tthe 
since maximum heat transfer coefficients occur at the f or- 
ward 1eadin'. edpe of bodies immersed in a f1odng fluid, 
This is the basis for the schematic dirarn of the flow 

attern hon in Figure 20. The variation around. a tube 

is less in the central tubes thnn in those surrounding 

them. The aaxinum heat transfer coefficient around a tube 

varies from l. to 3. times the minimum value. 

(g) Experimental Errors cnd Aoouracy Attained 

Errors involved in the determination of the local 
heat transfer coefficients are: errors in reacin. the emf 

values for the various thernocouples arid the current, the 

radiation losses from the ribbon and the conduction losses 
Into the probe. A detailed discussion of these errors is 
made by Ambrose (1, p. 111-113) who also used the same 

apparatus. The emf of the theruocoup1es was read to 

0.001 millivolts and the current was read to 0.01 amperes 
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but it -as felt that an e'ror of 0,1 and 0.02 amere 

was poct3ib1e. The peroentae error i 1.65 per cent, 

mce only one tube out of the tubes In the undle had 

heating ribbons on it there could be asymmetric heating 

resu1tin: in a lower heat transfer coefficient. It was 

felt that the error from this discrepancy was less than 

one er cent, The radiation effect could have Introduced 

an error of about I per cent an6 oonduction effects along 

the ribbon are less than 1 per cent. summing up Rh the 

indIvidual errors, the totàl error is believed to he not 

over 6 per cent. 
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3ECTION VIII 

CONC LUS I ON 

Local heat tranEfer coefficients were studied. In 

detail :1.n one baffle aoe of model segmental baff1eö 

tubular heat exchanger. Two baffle spaolngs nd three 

flow rates were investigated. for a tube bundle contain- 

Ing 1Li tubes In staggered arrangement. Extensive data 

were obtained for the baffle spaoe and they were 

rooessed on the Aiwac III E dIita1 computer. They 

are ìresented in a picture form for easier interpreta- 

tion. 

The following conc1usion are drawn from the data: 

1. Corre1atton 

A correlation of the roduot of the Nusselt number 

and the Prandtl number versus the weighted Reynolds num- 

ber was obtained using the equation sugges eed by Donohue 

(8) and oornared with siînIl:ìr correlations 'rlth other 

investigat)rs, 1i1lIams and Katz (35) and imbroe (i). 
The present data were in rood agreement with those of 

other workers. The present data nere compared with hose 

of Ambrose who used the same aparatus and a ood agree- 

ment irs oberved. The f indings of Ambrose with respect 

to 

1. ïhe effect of baffle spacing 
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2. The effect of c1aranoe between baffle holes 

and tube. 

3. The variation of heat transfer coefficients 

in the three different flow zones. 

4. The variation of heat transfer coefficient 

along and ar-und a tube 

were confirmed by the present study. 

2. Effet Baffle Spacing 

From the two different baffle spacin; studied it was 

found that smaller baffle spacing definitely resultc bi 

a higher heat transfer rate. The baffle spacing appear 

to have a significant effect on the flow pattern but 

baffle sacin,s smaller than tftee quarters of the shell 

d.iarueter are not very advanteo'w. Thic is evident 

from the reduction of turbulence in the eddy zone to the 

point that the local heat transfer coefficient is reduced 

for the smaller baffle spacing (10 baffles) as compared 

to the larger baffle spacing (6 baffles). 

3, Ef f et [ FJ. o Ft e 

Increase in rate of flow of the shell-side fluid 

increases the rate of heat transfer. The flow rate has 

no effect on the effect of the leakage fron the clearance 

between the affle holes nc1 the tuie It also has little 

effect on he flow pattern. 



L, F1T Pat:.erxi 

The he11-.eir5.e f1o'r appears to e divided inco three 

zones, longitudinal flow, cros-f1ow mnd eddy flow zones. 

Th:- 1ongitudia1 flow occurs i the baffle windors The 

orosc-flow and eddy flow divide the oharnber into two 

equal iart. The cros-flow is in the dornstrea half 

and the eddy flo'T in the upstrean hüf of the b3ffle 

spaoe. The cross-flovT forrn3 the riain stream from -hich 

the eddy flor separater and rejolns. The leakages from 

the variou olerranoe in :he exchrn:;er appear to affeot 

the flow patt;ern but this effect is only shown 'pi.aliti- 

tively in the 'eent work. The average heat transfer 

coefficients for the various is ho Table 8 

and Figure 21. It can be seen from Table 8 that the 

avera&,e Nusselt nu1mer for a flosT rRte of 120 cubIc 

feet per minute for th eddy zone i l.32 for the small- 

er baffle spacin (lo baffles) and 1l. per cent higher 

than the Nucíe1t number in the cross-flow zone. Lhe 

averaL:e Ìusse1t number for the longitudinal zone is 

131.39. The vlues for the larger baffle sacIn 

(6 baffles), 120 cubic feet per :inute mire, for the long- 

ituàia1 118.48; for cross-flow 110.141; and for eddy 

zone 140,91. In this case the edöy zone coefficient is 

27.6 per cent hiher than the cross-flow coefficient. 
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5. Het Transfer Hates Alonp. Tubes. 

Heat transfer rates along tubes are at a maximum 

t the baffles and at a minimum at the oeter of the 

baffle s;3aoe. The maximum valuel decrense oy 50 per 

oent 4tMn one inch from the baffle in the exchanger 

studied. The varLtion in the paoe between one aff le 
and the next baffle i ymr!1etrIoal wiii low turbulenoe 
in the eddy zone but ciuîte distorted rith high turhu- 
lence, such as occurs in the eddy flow zones. 

6. ileat asfer puc1 

The rate of heat transfer varies around a tube with 

a max imurii n t the i ead ing edg e and a m in imum a t s o nie 

otiìer location deoendinr on he pattern of f10 in that 
region. These variations are presented in iioture form 

in Figures 12, 13, 14, 15, 16 and 17, and this permitted 

mappth the flow pattern shown in Fiure 20. 



SECTION IX 

RECOiiMENDATI ONS 

The study of Âribroie (1) to understand the shell- 

side characteristics of a ìfu1ed tubular heat exohnger 
were explorLtory in nature. In the present Investiga- 

tion two aspects, the effect of baffle spacin: and flow 

rate, were stdied, This work also consisted of det:i1- 
ed examination of the flow pattern In the vicinity of 

baffles. It irioated that more needs to be done to 

completely underSta2.d the effect of the various olear- 

aiioes in the exchanger. It also recommended that a study 

with more flo rates will help substantiate the precent 

findings. A more detailed study at the entrance and 

exit of the hell will give a more complete icture of 

the entire heat exchanger. 

The effect of d1ffer;nt tube spacings and tuoe sizes 

meri.s invest1tion. 
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SECTION X 

NOMCLdM1RE 

A Ara of sirÍ'ce, quare feet; av' aver»e area; 
Ab, baffle window area; A0, cross flo area in te hank; A3, she1l-ie; At, tube-side; i, baffle 
window area. 

B Baffle height, feet. 

C Specific heat at a conetant )re3sure, Btu/(lb) p (ieg. F). 

C Specific heat of fluid f.tu/(lh) (ñeg. F). 

D Dia:'ter of heat exc1aner sie1l, feet. 

De Equiwilent diameter 1 (flow area) , trìches 
wetted rjerimeter 

â Diameter of tube, feet; âj, inside tube diameter. 
G Uas' velocity, 1bs,'(h) (sq. ft.); 0e, weihted; 

G5, shell-side. 
H T)tfferential manometer reading, inches. 
h Heat transfer ooefficent, Btu/hr. (sq. ft.) 

(deg. F); hay, average of local coefficients around 
tube; h0, for natra1 crnv'ction; h, for soai.e on 
shell-side; "ât. for scale on tube-side; h5, for film 
on sheti-side; ht, for film on tube-side,h0, heat 
transfer coefficient for outside fluid. 

i Current, amperes. 

.lh 
Heat transfer j-factor (defined on p. 29). 

m 
Nass transfer j-factor (defined on p. 29). 

K iolar riaa-trarisfer coefficien, lb. inols/(lw) 
(sq. ft. (atm). 
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k Thermal conductivity, 3tu/(hr) (ca. ft.) F)/ft; k, for tube wall. 
L Active length of heat exch her, feet 

Molecul' weight of air. 

mv Nillivolts. 

Nu Nusselt number , dimensionless. 

P Tube pitch (distance between centers of heat exchanger 
tubes), feet 

Pr Prandtl number C0/A, dimensionless. 

p rressure, lbc/(cq in). 

' Flow rate of' air, Cu lt/min. 

q heat transfer rate, Btu/hr. 
R Resistance of ribbon. Ohms/ft. 

Re Heynol number d Ve', dimensionless 

r Radius, inches 

s af:Tle spacing, feet. 
st Etmton number h .imensio1ess. 

G 

T Tempernture, deg. Rankine; 
11a' 

air temoerature 

t ïem:erature, deg. F; ta, -uir temp; t1, fluid temp; 
t, surface temp. 

U Over-all heat transfer coefficient, tu/(hr) (sq ft) 
(dei. F). 

V Velocity, ft,1hr. 

11 1!idth of resistance ribon, inches. 

W iass flow rate, lbs/hr. 
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X Code letter indicating 2 /l6-inch tube pitch. 
X Horizont1 distance, feet; xb, ciitaiioe betreen 

baffles, inches. 

Y Code letter indicating i i/k-inch tube pitch. 
Z Thickness Df resistance ribbon, inches. 

Q(. i?roportionality constant. 

Emissivity, (Ithensionless. 

Angle aeasured from the leading edge, degrees. 

1L& Viscosity, lb/(sq ft) (hr); J4, viscosity at the 

wall. 

Density, lb/cu ft; E' or excbanger; e0, t orifice. 

G tefn-roltzmann constant, i3tu/(hr) (sq It) (deg.R)k. 
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Summary of Eqwtion TJe to Compute 
the Loo1 Heat Traisf er Coefficiente 

Equation 1+ tseñ to convert mi1iivoIt to temperature 
unite. 

2 
t -p.26 (mv) + 35.12 (mv) 32.01 (1L) 

The first tempertur cter1vative rero oa1ouiate. by 
eq.ation 20. 

:: -:j ( 3t1-t- ht2 _ t3) 

L (- t t t) 
d 21 

. . e . (20) 

a . a 

s ø a 

h 
- 4t6 + 3t7) 

E:aton 21 ras used ta calculate he second d.erivr Ives. 
2 

.1 (_3t1 Ldt dt 2 2n d@ ---2- . 3 
d d 

( 21) 
e s s 

d2t2 
:e2 2h e 

2( +3 ) 
The local heat transfer coefficients were calculated 

USInC equatIon 13a. 



h 
ll.i) i2 + 2ÁO4 

- 

86 

(13a) 

The average heat transfer coefficient at a osition was 

calculated using equation 15 

7 
h _L -h av 

7 1 

Equation 16 was used. to calculate the Nesselt number 

at a position 

havd 
Nu 

where k wa calculated from equation 17. 

k O.00002k5 ta + O.132 

These equatiorn are quoted from Amorose (1). 

(15) 

(16) 

(17) 
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PRO GRAIl 

The program used. for calculating the data ia given 

in page 89. The first three paragraphs refer to the 

calculation of the local temperatures, local heat transfer 

coefficients, average heat transfer coefficients and 

average Nusselt numbers. The order of input of data is 

12345678 9 

Hillivolt readins Current in amperes 

The next two paragraphs refer to the calculation 

of air flow rates. The order of input of data is 

1 2 3 4 

P T P K 
o E 

where 

po pressure at the orifice psig 

T Temperature, OF 

pressure at the exchanger, pdg 

K Constant obtained from a chart of Ambrose(i) 
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61 2 
20 f701 1796 aO 2]. 00014 0000 ai 22 0000 0000 a2 23 0000 0000 a3 
214- 2800 1701 a14- 25 03114 O2ac a5 26 0000 0000 a6 27 0000 0000 a7 
28 5b25 7903 aß 29 03114. 021e a9 2a 0000 0000 aa 2b 0000 0000 ab 
2c 1160 7928 ac 2d. oo6i 0000 ad 2e 0000 0000 ae 2f 0000 0000 af 
30 1701 573c bO 31 0000 0000 bi 32 0000 0000 b2 33 0000 0000 b3 
314. 1701 5713 b14. 35 0000 0000 b5 36 0000 0000 b6 37 0000 0000 b7 
38 1798 1100 b8 39 0000 0000 b9 3a 0000 0000 ba 3b 0000 0000 bb 
3c 0000 0000 bc 3d. 0000 0000 bd. 3e 0000 0000 be 3f 0000 0000 bf 



TAI3IE 3 

Calculated Data for Correlatton 

Number of Ac f t2 Abft? f A Reynolds Nusselt -1/3 
Baffles Ge Number Number (Nu)(Pr) 

f t lbs/hr.ft Gtd 
k 

6 0.0753 0.0343 0.0508 5232.87 10,013.1 72.80 82.15 

6 0.0753 0.0343 0.0508 8,048.8 15,14.01.5 95.04 107.25 

6 0.0753 0.0343 0.0508 10,471.9 20,038.3 123.62 139.51 

lo 0.0474 0.0343 0.0403 6,596.3 12,622.0 91.36 103.10 

10 0.0474 0.0343 0.0403 10,114.4 19,53.9 113.18 127.72 

10 0.0474 0.0343 0.0403 13,392.4 25,626.5 13.36 152.75 

* Iti all the tbove calculations a oonstaxit value of 0.7 was used for Prandtl 
number for air. 



TABlE + 

Calculated Average Flow Rates 
Number of 3ff1e 6 

Investigation Position Number 
Tuìe 

Number 1 2 3 14 6 7 8 9 10 11 

1 59.28 59.28 59.28 59.28 59.28 59.28 59.28 59.28 59.28 59.28 59.28 
2 59.32 59.32 59.32 59.32 59.32 59..2 59.32 59.32 59.32 59.32 59.32 

3 58.47 58J47 ,58.k7 )8.7 58.+7 58.47 58.47 58.k7 58.47 58.47 58.L7 

4 9.C)7 
'°? 59°? 59.07 59.07 59.07 °? 9.°7 59.13 59.13 )9.13 

5 )9.25 59.2k 59.25 59.25 59.25 59.25 59.2) 59.25 59.25 59.25 59.25 
6 60.10 60.10 6o.io 6o.io 60.10 6o.io 60.10 6o.io 60.10 6o.io 60,10 

7 59.3 59.33 59.33 59.33 59.33 59.33 59.33 59.33 5933 59.33 59.33 
8 59.j3 59.33 59,)3 59._33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 
9 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 :i9.3:3 

10 59,L4. 59.140 59.140 59»40 59.L0 59.kO 59140 59.O 59,J+0 59.0 59.1+0 

11 59.0 59.1+0 59,1+0 59,1}O 59.1+0 59.40 59,40 59.1+0 59.1+0 59.1+0 59.1+0 

12 59.40 59.40 59.1+0 59,1+0 3.+0 59.1+0 59.1+0 59.40 59.1+0 59.1+0 59.40 

13 54.51+. 51+.14 54.54 1+.54 54.51+ 54.54 54.54 54.54 54.54 54.54 54.54 
14 54,5 54.53 54,53 54.53 51+.3 94.3 54,53 54.53 54.53 1+.53 54.33 

i 90.40 90.40 90.40 90.40 90.40 90.40 90.40 90.40 90.40 90.40 90.40 

2 89.92 89.92 89.92 89.92 89.92 89.92 89.92 89.92 89.92 89.92 89.92 

3 90.40 9).1+O 90,40 90.40 90.40 90.1+0 90.40 90.40 90.40 92.J10 90.1+0 

5 91.04 91.04 91.04 91.04 91.04 91.01+ 91.01+ 91.04 91.04 91.01+ 91.04 
j 91.11 91.11 91.11 91.11 91.11 91.11 91.11 91.11 91.11 91.11 91.11 

7 90.71. 9.71 90.71 90.71 90.71 90.71 90.71 90.71 90.71 90.71 90.71 



TABLE 14. 

Tube 
Number i 2 3 4 5 6 7 8 9 10 11 

f 90.54 90.514. 90,514. 95l4. 90.54 90.514 9O.5 90.514 90.54 90.514 90.514 

- 90.27 90.27 90.27 90.27 90.27 90.27 90,27 90,27 90.27 90.27 90.27 
10 90.145 90.145 90.14 90.145 90.45 90.145 90,145 90.145 90.145 90.45 90,145 

II 90.14.5 90.145 90.145 90,14.5 90.45 90.145 90.145 90,14.5 9J4.Ç 90,145 90,145 

12 90,72 90.72 90,72 90,72 90,72 90.72 90.72 90.72 90.72 90.72 90.72 
li 89.20 89.20 89.20 89.20 89.20 89.20 89.20 89.20 89,20 89.20 89,20 
:1_14 9.514 89.514 89.514 89.514 89.514 89.3!J. 9,514. 89.514 39,514 89.,k d9.)14 

I 118.84 118.814 118.814 118.814 118.84 118.314 118.814 118.814 118.814 118.814 118.811 

2 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.3 
3 119.98 119.98 11998 119.93 119.98 119,98 119.98 119.98 119.98 119.98 119.98 
1 119.714 119.74 119.714 119.714 £19,714 119.74 119.714 119.714 119.74 119.714 119.714 
5 120a28 120.28 120,28 120.28 120.28 120.28 120.28 120.28 120,28 12O.23 120.28 
6 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 
7 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 
8 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120,00 120.00 120,00 120.00 
9 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 

10 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 
11 119.31 119.31 119.1 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 
12. 119.31 119.31 119.1 119.31 11.31 119.31 119.jl 119.jl 119.31 119.31 119.31 
1 117.50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 
1'+ 117.50 117,50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 117.50 

'.0 

z'.) 



TABLE 5 

Calculated. Average Flow Ratee 
Number of Baffles 10 

Invet t.çat ion Pos it tofl Nmner 
The 

Number 1 2 3 4 5 6 7 

i 
2 

58.)8 
58.67 

58.07 
58.67 

58.08 
58.67 

58.07 
58.62 

57.69 
58,J4 

59.62 
58.3 

,9.62 
58.63 

: 58.8 58.80 58.80 8.8o 58,80 53.80 58.30 
4 59.17 59.17 59.17 59.17 59.17 9.17 59.17 
5 59.:3:3 39.33 39.33 5.J3 59.3_3 59.33 59.33 
6 5892 58.92 58.92 58.92 58.92 58.9e 58.92 
7 
8 

59.02 59.02 59.02 59.02 59.02 59.02 59.02 
58.60 58.60 58.60 58.60 58.6o 58.60 58.60 

9 58.60 )8.60 58.60 58.60 58.60 58.60 58.60 
lo 58.65 58.65 58.65 58.65 53.65 58.65 8.65 
11 58.84 8.81+ 58.8k 58.8L 58.8Z 58,84 58.8L 
12 5909 59.09 59.09 59.09 59.09 59.09 59.09 
13 58,77 5.77 58.77 58.77 58.77 58.77 58.77 
1 59.28 59.28 59.28 59.28 59.28 59.28 .59.28 

1 90.LI0 90.40 90.J+C) 90.40 90.)40 90.LJ0 90.40 
2 89,92 9.92 89.92 89.92 89.92 89.92 89.92 
3 90.40 90.4D 90.40 90,40 90.40 90.40 90.40 
k 90.64 90.64 90.64 90.64 90.64 90.64 90.64 
5 91.04 91,04 91,04 91.04 91.04 91.04 91.04 
6 91.11 91.11 91.11 91.11 91.11 91.11 91.11 
7 90.71 90.71 90.71 90.71 90.71 90.71 90.71 



TABLE 5 

Pub e 
Number 1 2 5 6 7 

8 90,5)4 90.54 9O.5Ñ 90.5k 9O.51 9054 9Q54 
9 90.27 90e27 90.2? 90.27 90.27 90,2? 90.27 

10 90.45 9o.5 90145 9o1M5 90.45 90.A'5 90L5 
11 9O.5 90.5 90.145 90,45 9O.L'5 9O.Ll5 9()J45 
12 90.72 90.72 90,72 90.72 90,72 90.72 90.72 
13 89.20 8920 89.20 89,20 89.20 89.20 89.20 
iL 89.5Lb 89.94 89.5k 895L d9.54 89.5J+ 89.5L 

i 117.28 117.23 117.23 117.28 117.28 117.28 117.28 
2 1]-5.k2 11.2 1142 115.2 115.1+2 11.12 115.42 
:3 116.77 11.77 116.77 116.77 116.77 116.77 116.77 
¿ 117.68 117.68 117.68 117.68 117.68 117.68 117.68 
5 118.15 118.15 1i.15 118.15 118.15 118.15 118.15 
o 118.15 118.15 11;.15 118.15 118.15 lIb.15 118.15 
7 117.76 117.76 117.76 117.76 U7.76 117.76 117.76 
8 117.91 117.91 117.91 117.91 117.9]. 117.91 117.91 
9 117.91 117.91 117.91 117.91 117.91 117.91 117.91 

10 117.76 117.76 117.76 117./6 117.76 117.7b 117.76 
11 117.76 117.76 117.76 117.76 117.76 117.76 117.76 
12 118.02 118.02 118.02 118.02 118.02 118.02 118.02 
13 118.02 ll.02 118.02 118.02 118.02 118.Ó2 118.02 
iLi. 117.76 117.76 117.76 117.76 117.76 117.76 117.76 



TA3IE 6 

Vartion of Average Nusseit Nurnber With F1oî Rate 

Number of iaff1e Average Average Per Cent Irmrease Per Cent Irmreaíe 
3aff1e aoi?ig Rate of Nue1t of Nu Number for of Nit Number over 

inches Fi or cfm Nuber 10 Baff1e over 6 6r o'm FlOTT Rrte 
_______________________________________ Baffles 

6 6.43 58.65 72.80 - - 

6 6.43 90.39 95.)4 - 30.55 

6 6.43 119.30 123.62 - 73.35 

lo 4e09 58,73 91.36 25.5 

10 4,09 90.38 113.18 19.1 23.88 

lu 4.09 117.60 .35,3b 9.1 48.16 



TABlE 7 

Ef feot of 3aff le Hole Cleanoe 

number of Flow )ate high value of Low velue of Per Cent Increase 
len ofri Nu th.imber Nt Number * of H1h Vì:ue over 

the Lo Value 

6 58,65 72.80 60.13 21.07 

6 90.39 9.04 78.91 20.J4 

6 119.30 l2.62 98.2 25.60 

10 58.73 91.36 79,014. 15.59 

lo 90.38 ii'.i8 98,56 1.83 

10 117.60 13.36 118.30 

* The 1o'r vrluec ee obtained. by neleotinp on vilue on each h:f fie in the 

case of 10 baffiec and. two values t eoh aff1e in the cese of 6 baffles. 

'.0 



TABLE 8 

Average Nusselt Numbers in Lihe Vrious Flow Zones 

verge Nus'elt Nmbr 

Number of 
LLffle 

nate of 
Flo of 

LonpitwUnal 
i1ow one 

Cross-Flow 
%one 

Eddy Zone Ler Cent mor- 
ease in Iddy Zofle 

over Cr. Flow Zone 

Overall 

6 58.6.:) 75,C2 70.07 77,83 11.11 72.80 

6 9O.39 98.90 9.12 98. lO.O 9.OI- 

6 119.30 118.L18 1lO.l 1O.9l 27.40 123.62 

10 58.73 86.75 92.56 93.83 1.37 91.36 

10 90.38 110.9 110.51 118.02 6.80 113.18 

10 117.60 131.39 129.55 1Jl'.32 11.Y 135.36 


