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ABSTRACT

Blowers used to propel air across tube bundles
generate a3 ron-uniform flow field duve to their con-
Reduction in the heat transfer
rate due to such non-uniformity is generally recog-
How-
the commion antidete is to add sufficient lheat
transfer surface area to compensate for such losses.
Such an approach is uracceptable in those applica-
tions where the outlet temperature of the hot (in-
tube) niedium is sought to be controlled precisely.

A formalism to evaluate heat transfer degradation
Cer-

struction details.

nized in the commercial 2ir cooler industiry.
ever,

due to non-uniforim airflow has been developed.
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tain symictry relations for cross flowheat exchancg-

ers, heretofore uravailable in the open literature,

have been derivec.
The solution presented here was develgped

y _medel a 4 tube pass air blast heat exchanger for the
-G)ld/(:'linch River Brecder geactorpgpoject. This case is
_ 1 utilized to show how Tiiis metfod can be used as a
desian tool to select the most suitable blower con-
A numerical
exarple is used to illustrate the salient poinis of

struction for a particular application.

the solution.

NOMEKCLATURE(any consistent set of units may be used)

Heat transfer area

to

Duct side surface area of bare tube/funit

tO:

ReS.Ret

Thermal conductivity of tube wall

Fin height
Tube length
Shell side, tubeside m: ss flowrate

Equivalent perimeter of the tube

Heat duty

Bare tube radius (eq. 24)

:Reynolds number of skell side, tubeside fliuid

Tube wall resistance

Spacing between adjacent fins {or pitch)
Fin thickness

Tube-side inlet temperature in the control
volume (Fig. 4)

Tube-side outlet temperature in the contro}
volume (Fig. 4)

Shell-side fluid temperature

Tube-side temperature

Overall heat transfer coc’ficient

Coordinate along tube axis (Fig. 2)

Determinant (eq. 19)

Incremental surface area of heat transfor

Heat transfer rate from a tube segment of
length ax ;
:ncremental change in tube fluid temperature
Fig.

.ajk.ajk:ﬂefined parameters {eqs. 12, 16}

length of tube v Defined parane:er (eqi Ga)
- J - nt Fin efficiency (eq. 24
Ai' :Sggde surface arca of tube/unit length of n, : Neighted fin efficiency {eq. 23)
Ah: Total outsice surface area of finned tube/ 0: Difference between tube fluid temnerature and
unit length of {ube . i air inlet tenperature (eq. 6b)
Ag: Total fin areasunit length of tube | “#(x) ° Mass flowrate of air per unit of tube lengih
b.c: Specified constants (eq. 10) : ;% o Paramcters used in eq. (24) and defined in
cp .cp\ : Specific heat of shellside, tubeside fluid. - ':-:mf::ie:icle v[a5l]uc '0<"< 1{eq. 26)
. . s . . . . ] - « &
s Pt (The shellside tiuid is air) { subscripts _ ‘
di' do: Tube 1.D., 0.D. I . .
.« . . , : (R H Value at inlet
hs. ht' ?gg}lgitde. tubeside heat transfer coef- 5 ‘o: Value a: outlet , )
. T H Yertical plane divider numbe- (Fiq. 3
.l'. ..lntcgral function (eq. 9) ! k: Stratum nunber in the discretized grid (Fig. 3)
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United Staus Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liabilitv or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



: strata k and (k1)
' Denotes unifori
L H Denotes maximum

" INTRODUCTION:
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Jk: Value of the quantity in the control volume Similarly, T '
bounded by vertical plancy j and {j+1); and ; ’

M = UAA{? -1 }
. avg)lubc ‘vg)sthI

i
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It is well known that air exiting commercial blow- UA
ers have a2 non-uniform velocity distribution. This non- 8 = -if-{zr +,5Tt -T.-7T -5
uniformity of flow is generally not considered a prob- : t 51 so , :
lem in blower applications {both axial flew and centri-
fugal type) to air coolers, since any loss in the cool- ; .
er overall heat transfer rate due to air velocity mal- let 2A = Pax {3)

distribution is completely overshadowed by other design
e SRS . ] ] ) .
uncertainties, e.g. fouling rate of the tube surfuces, where P is the equivalent perimeter of the tube (includ-

heat transfer properties of the in-tube fluid, etc. " .
X N GO ing any effect of fins). From Eqs. (1) - (3), we have
Because of the larger effect of other uncertainties in in the 1imit as ax - 0

many conmercial applications, scientific interest in

the effect of air maldistribution on derating of air
coolers has been minimal. Recently, this situation

. UPTt - UP-TsiIZ + ¢[x)EpSTSi

has undergone some change because of the introduction T..= = 4
of cross flow air coolers in the nuclear power indus- so (Up/2 + ar"A)“ps) @
try. Air coolers have been employed to dissipate heat

produced by the experimental reactors at the ']@St ;Jux

est {acility” at Hanford, Washingten [1]. Recently, Eliminating T__ from eq. {1}, yields

orced draft air blast heat exchanaers have been de so

signed for use in the Clinch River Breeder Reactorg'ro- - .
ject. In these applications, the tubes contain liquid EIE - o{x) € S UP(Tt Tsi)
saCium or sodium-potassium cutectic; these fluids have dx my Cpt(¢(x) cps + .50P)

(5)

a very high surface heat transfer coefficient which

resulis in the air side heat transfer coefficient con- -
trolling the heat transfer rate.
in the air side heat transfer coefficient values could

materially affect overall heat transport. Accurate de~

termination of the heat transfer rate in cross flow air ¢C__up

cooled liquid metal heat exchangers is of some impor- ylx) = T (pz 0P {6a)
tance to ensure that overcooling does not cause in-tube "y pt ¢ ps ') :
freezing; or overstress in the tubes due to differen-

tia) thermal expansion [2].

in this paper, we examine the cffect of length- 8(x)

Therefore, variations . gofine (x), a(x) by relations

T(x) - T, (6b)

wisc variation of the oversll heat transfer coefficient,
Y {due to inlet air maldistribution) on the heat duty.
Wle derive analytical expressions for an idealized one Then, eq. {5) reduces to

tube pass cress flow system in order to discern certain

symietry relations which have heretofore not been re-

ported in the open literature.

Next & nunerical scheme to determine the tempera-

de

ax = -v{x)o 5 olx) = o) e v(x)dx

ture field in a multiple pass-cross flow heat exchanger
is devised. This method is applied to study the per- Therefore, Tt is given as

formance deterioration of a four tube pass cross Tlow
heat exchanger due 10 airside maldistribution of flow. x

Similar studies on the effects of tube side maldistri- -I v(y)dy
- butien have been performed by McDonald and fng [3]. . !
The purpose of this research is twofold: 1) we Telx) = T+ (T

- Teg) €0 n

seek to develop the necessary theory to study the ef- ;
fect of inlet air maldistribution on heat duty; and ;

" 2) we seek to determine typical results for realistic ) lThe total amount ofheat transferred is caiculated as

_units.

*2. MAnalysis of a Single Tube Pass

i Referring to Fig. 1, conservation of heat éncrgy :

QEmloy (Tpi - Tyl

e ma. o

‘over a tube element on length Ax and heat transfer sur- where Teo = Telx=| from Eq. (7). The final result for

. face arca AA gives:

v .

i AQ = - cptATt = ¢(x)ax Cp

S(TSO

iQ for the single tube, is

) ) . -{ ' viy)dy %
i =Ty - T 0 - e ) ®

- Ts
Lt pt

; . :
fuhcrc ¢{x) is the shellside mass flowrate of air per | The ahove cquation implies the plausible result that as

. unit length of tube.

1A,

9

.

1

e pupbe

L approaches infinity, the tubeside outlet terperature
will approach the shellside (air) inlet temperature.

3.
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The significant result of this simple calcula-
tion is that for a given set of inlet temperatures
and tube surface, a chang2 in the heal duty Q can only
by induced by a change in thz integral I, given by

L :
e [ vix ()
0 s

Inspection of the expression for y(x) (ea. 6a) indi-
cates that there are two quantities ¢ and U which are
functions of x. Since the overall heat transfer co-
efficient U is actually an explicit function of the
flowrate per unit length 4(x), y can be cast as an
explicit function of ; alone. Therefore, the integral
! depends ultimately on ¢(x}.

L
-
0

where ¥{¢) =U, b = 'SMtcptlcps‘ and ¢ = Mtht/P.
1t is easily shown that if &, &* are functions such

ef(a
bf(e

dx
4+ co

(10)

_that ¢(x) = ¢*(L - x), then

. .

1) = I{e*)

Thus, the total heat duty for any air flow
profile is equal to that of its mirror imzge about
the central plane x = L/2. For cxample, the heat duty
due to the twd triangular air flow profiles shown in
Figure 2 will be equal.
Finally, the air mass flow rate profile func-
tion ¢{x) which will maximize Q for a given tube sur-
face and total air flow rate, mg, can be obtained by
secking the function ¢(x) which maximizes the integral
subject to the constraint that the total air flow rate
remains as given for the urnit. The necessary criteri-
on for the optimal function ¢(x) is found by using
tuler's equation in variational calculus {ref. 4, p.
355], and generally leads to a nonlinear ordinary dif-
ferential cquation for. the optimum distribution of air
velocity ¢{x} which maximizes the heat duty Q.
Extension of the above methodology to practical
mltiple tube pass configurations is possible. How-
ever, it is far more expediont to construct a numeri-
cal solution which can be readily computerized. e
will now proceed 1o develop such a splution bearinq in
mind that in the limit it should produce resultis in
agreement with the idealized single tube system just
discussed.

Multiple Tube Pass-Cross Flow Construction

Let us consider a nmultiple tube pass configqura-
tion, such as the one shown in Figure 3. As shown in
Figure 3, the tube side fluid remains unmixed, and
the shell side fluid (air) is also assumed to remain
unmixed. Figure 3 shows three rows of ‘tubes in each
pass and a totdl of 4 tube passes. This is for illus-
trative purposes only. The analysis is not limited to
a specific nunbor of tube passes, or a specific number
of tube rows per pass. Mixing of the tubeside fluid
at the exgremity of cach pass is also permitted. Ald
quantitics arc assumed to be uniform along the latera)l
dimension (into the plane of paper in fig. 3). For
the purpese of numerical analysis, the tube rows di-
vide the air space into k + 1 strata where k 15 the
total nuuber of tube rows. Thus the incipient air is
labeled as stratum 1, and the exiting air is labeled
as stratum 13 in Fia. 3. The air stratum is denoted

by the subscript k.

Similarly, the longitudinal span
of tube matrix space is divided into N chacbers by
vertical planes shown by dotted lines in Fig. 3,

These vertical planes are labeled j = 1,...,(N41) as
shown in Fig, 3. N is selected sufficiently large

such that the air mass in the space in a chamber bound-
ed by two adjacent strata can be assumed to be at a
uq1form temperature.  The choice of N may be estab-
lished by ~erforming convergence studies for a particu-
lar unit configuration. Both airside quantities g,
Cps» Tg and tubeside quantities my, Cpt, Tt are func-
tions of location (i.e., position parameters j an-/or
k). The solution algorithm is developed by examination
of the tube segment in row k, bounded by vertical
planes j and (j+1). Figure 4 shows mass fiow rates

and terminal temperatures. Tubeside inlet and outlet
temperatlures are indicated as tj and tg, respectively.
We note, for example, that for k = 1,2,3, tj = Tt(~,])
and to = Te(j). whereas for k = 4,5 and 6, t; = T(})

and to t(..'j'”)'
A heat balance with tubeside fluid yields:

"

t.+t T + T
R - i__o_ s(ka1) 7 sk
to) = (gl —5— - Z
(1)

Note that my varies only with stratum since each tube
may have a different flowrate.

e Cot, skt

Then we have
- a. . o, - = ’
0 °Jk) Lt JkTSk tl + °jk) + °jkTs(k+1] 0
(13)

Similarly, 3 heat balance with the air stream, noting
that m, varies only with the location j, yields

" iCps, ik Tsqkin) = Tsk? =

£+t
1 [}
(UA) 5, 7

(14)

or
(ajk - 1)T$k - ajk ti + (] + Sjk) TS(k""’ - thtogo

(15)

where

85 = (WA /(omg € o) (16)

Simultancous cquations {13) and {15) are solved for ¢,
and Tg )1y #nd yicld !
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t; = [1,00 ¢ ag # 8) - 20y, T, Mo

Toqken) = [2tg By * Tgy (1 - a5y B;y)1/a (18}

where 4 = 1 + Bjk - a5 (19)
k=1

The solution procedure can be started at j =
where the tube outlet temperature Tt 17 = tg, and
air inlet tesperature 1g 1) are known. Equation (17)
gives the value of tj which, in turn, defines the
outlet temperature for the region j = 2, k = 1.
solution is continued for j = 1,2,..., through to
3 = N. The air inlet temperature profile is now
known from equation (18) for the second stratum (k =
2}, and hence similar computations are performed for
row #2, etc. For passes +3 and #1, the computations
must then proceed frouw right to left. In this manner,
the temperatures of the tubeside fluid and air at all
discretized control voluse locations are determined.

In the following section, a numerical example is
utilized to illustrate the use of the above solution
scheme to assess the effect of air flow maldistribu-
tion on the heat exchanger performance.

The

4, Numerical Example ’

Let us consider the heat transfer from a liquid-
metal eutectic of sodium potassium, flowing inside
tubes, to air flowing upwards through a 4-pass ar-
rangement of finned tubes. Fin and tubing are both
stainless steel. Each pass is arranged in three rows
of tubes in a staggered array. Figure 3 is the sche-
matic detail of the arrangement. The tubes are 1-
1/4" 0.D. (3.175 em.) and 13 BWG with 5/8" high x

L075" (1.5875 cm. x .1905 cm.) thick helical fins
attached to the tube through high frequency resistance
welding. The helical pitch is .147" (.3734 ~m.)

. Correlations by Briggs and Young [5] for airside
film coefficient {Eq. 20) and by fraas [6] for the
tube-side coefficient (Eq. 21) are used.

fn

Nu

s 2134 Re.

.681 prs.333 (S/R)'z(s/t)'1]34 (20)

(1) .

.8
Nu 7+ .025 (Ret Prt) .

t

The overall film coefficient can be calculated by
-1

A A !

el 140 0 '

] ["uhs + n R, + m] ' (22)

where the weighted fin efficiency is
A

n, =Y "A_ (1 -n) (23)

The fin eff1cxency is determined by Schmidt's [7] re-

lation
» lanh(mry) .
firy (29 i

pruve v e
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Finally the wall resistance term in eq. (22) is givcn

b
Y ﬂ ln(d /d )

i “u

In this examp?e eq (21) yields tube-side coef-
ficients (h;, in the order of 2000 Btu/hr-sg ft °F
(40 88 x 10° J/hr-sq.m.-°C). The airside coefficient

) determined frem eq. (20) is only 15 Btushr-sq ft

? (306.5 J/br-sqm. °C). Thus it is clear from eq.

(2?) that the overall coefficient is governed by the
airside coefficient. We also note that hg is strengly
dependent on the Reynolds number (eq. 20) which is a
function of flow velocity. Thus the functional rela-
tionship between the overall heat transfer coefficient
and the flow velocity is available. Computer program
“AIRCROSS” is written to sclve the heat transfer prob-
lem using the foregoing.

A simple linearly maldistributed Zirflow profile
as shown in Fig. 4 is used. The air mass flowrate
function ¢(x) can be represented by

{Za)

dx = [-F0-u]e, (26)
The image of this profile about the central plane
across the tube axis is given by

%

sw= D-o-po-a, (27

If we have a constant shell-side average lineal air
mass flow rate 4y entering the heat exchanger then

L
0] oo (28)

Equations {26)-(28) yield

0, = 20 /01 4 ) (29)
u

Initially, the solution is carried out for a uniform
2irflow profile equal to &, over the entire length of
the heat exchanger. Subsequent runs are made wsing
the incoming air profiles described by egqs. (26) and

(27) for values of y equal to 0.5, 0.25, 0.1 and 0.01.

PSS VIS | RS SSE LR o

The following add1t1ona] input data is utilized:

5460 ft° (524 m?)
165000 lb/hr(74941kg/hr,
50000 cfm at

Total surface area:

Tubeside mass flow rate:

Shellside (air) volume flowrate:
100°F {1416 m*/min)

Jubeside inlet temperature: 980°F {526.57°C)

Airside inlet temperature: 100°F {37.78°C)

A = 428.8 .in%/ft (.906 m?/m); Ay = 47.72 in?2/ft
{.0997 m*/m.)

4 tube pass; airside fluid unmixed

The average tubeside heat transfer coefficient 1is
computed to be 2037 Btu/hr-ft? °F {4i.64 x
10% J/hr- sq.m.°C)

The tube wall resistance is 7.156 x 10™"
(BTU/hr-ft°F)= (.35 x 10-*(J/hr-sq.m.°C)~*)

Using the computer code, the heat dutiss for various
- cases are determined; the effect of air naldistrlbu’Ion
1s shown in Table 1.

' R
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- fer equations presented in th:

[s]

Our’ numerical studies show that for a given value of

v the percentage degradatior is identical for the nal-

distrihugcd airflow and its mirror irege., This con-
clusion is consonant with the mathematical deduction

. madg for single tube pass configurations ifi section 2.
" Additional computations, rct presented here, have been

carried out to test the cenfiquration for heat duty

degradation under o wide variety of air flow distribu-
tion functions. Under some extreme flow profiles, o
deqradation values as high as 9 have been computed; it
is likely, however, that these extreme profiles would

not be observed in a practical situation.
CONCLUSIONS

Constitutive equations for cross flow in single
tube pass heat transfer problems are integrated for
an arbitrary inlet air mass flow profile. It is shown
that the total unit heat transfer rates obtained for a
given maldistributed air profile and its mirror image
are equal. Subsequent numerical integration of the
heat transfer equations for nultiple pass designs in-
dicate that such symmetry relations hold Tor multiple
pass configurations as well.

The method for numerical quadrature of heat trans-

paper enable rapid
evaluation of the effects of air nass Tlow maldistri-
bution. OQOur studies show that the derating of the
overall heat duty is quite small, cven for severely
non-uniforu flows. Thus, in a typical situation, non-
uniform air flow alone would not cause significant de-
terioration in heat transfer. However, in concert
with other deviations from the ideal, such an imper-
fect fin-to-tube bond, tubeside maldistribution, air
bypass, etc., a significant derating of a unit may oc-
cur. The procedure evolved herein enables the user to
ascertain quant1tat1ve results for any set of input

data.
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Table 1
» 0.5 | 0.25 0.1 | o.m
% degradation” .4 1.3 2.7 4.4

+Degradation of heat duty relative to the case of
uniform flow

(Tt + ATt)

Tgo (x)

Tube-Side

e

fFluid @
ui (Tt)

-l
'

ax

-

7

Shell-side Fluid
#(x), T i {uniform)

Fig. 1 Heat Transfer for a Tube Element
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Fig. 2 LigeaI Air Hass Flow Profile
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