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Abstract—Thermal analysis is carried out for split-flow heat exchangers with an even number of tube

passes, arbitrary entrance and exit locations of the shellside flow, arbitrary division of the shellside fluid

and variable NTU. A closed form solution is presented for calculating the temperature at a given position

and the thermal effectiveness. The thermal performance of the split-flow exchanger is compared with that

of the conventional shell and tube exchanger. The shellside pressure drop and the optimum entrance and
exit locations of the shellside flow in the split-flow exchanger are discussed.

1. INTRODUCTION

SpLiT-flow heat exchangers, designated as G-type in
the TEMA Standards [1], find extensive application
in industry because of their heat transfer and pressure
drop characteristics superior to conventional shell and
tube heat exchangers. Schindler and Bates [2] dis-
cussed these merits of the split-flow exchanger and
presented the relationships among the thermal
effectiveness, NTU and the thermal flow rate ratio
R for two tube pass and one shell pass exchangers.
Governing equations for heat transfer in a split-flow
exchanger with four tube passes were derived by Singh
and Holtz [3], who made a comparison of the thermal
performance between two tube pass and four tube
pass split-flow exchangers [4]. Murty carried out analy-
sis about heat transfer characteristics of one and two
tube pass exchangers with the split-flow pattern on
the shellside in another arrangement [5]. In all these
papers, such presumptions as constant NTU through
the whole exchanger, the even division of the shellside
flow and the middle entrance location of the shellside
fluid were used. Also, these results were limited to the
especially given number of tube passes, respectively.

The purposes of this paper are to present governing
equations for N tube passes and one shell pass
(referred to as 1— N) split-flow exchangers and for-
mulas for calculating temperatures at a given location,
the thermal effectiveness and the mean temperature
difference correction factor with arbitrary divisions
and variable entrance and exit locations of the shell-
side flow as well as piecewise change of the overall
heat transfer coefficient. The influence of the division
of the shellside fluid upon the pressure loss and the
optimum entrance and exit locations will be discussed.
The system of equations will be solved by means of
matrix expression.

2. FORMULATION

In split-flow exchangers, the whole heat transfer
area is divided into four subregions by a longitudinal

baffle, as shown in Fig. 1. Obviously, temperatures in
each subregion are governed by separate equations.
To develop a general coordinate system, the origin is
always set at the location where the tubeside fluid
enters the heat exchanger. The following dimension-
less variables and parameters are introduced to facili-
tate the analysis:

dimensionless flow path coordinate

_l_a,-_a'
TLTA T

dimensionless temperatures

t_02—0’2 _0,-0,
B A
thermal flow rate ratio
R g
1= Wz’ 2 = W] )

division ratio of the shellside fluid
53 = WT’ B. = ﬁ,’l,

number of transfer units

UA UvA
NTU‘_-WT/T’ NTU2=vW.72,
dimensionless temperature change
-6 a5, -0,
Pl=r—r, Py= ;
1 9/1 _9/2 2 6/[ _ 6/2

NTU ratio for tube pass i

_(U4), (NTU,),

“="Ua4a T NTU,

According to the definition of the above dimensionless
parameters, the following relationships occur :
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NOMENCLATURE
a heat transfer surface area along the At,, logarithmic mean temperature difference
flow path [m?] t dimensionless temperature of the
A total heat transfer surface area of the tubeside fluid
exchanger [m?] T dimensionless temperature of the
A,B.C,D coefficient matrices shellside fluid
cn cF  coefficients T dimensionless temperature vector
D equivalent transverse diameter of the U overall heat transfer coefficient
shellside flow tunnel [m] Wm 2K
d equivalent transverse diameter defined by 14 thermal flow rate [WK ']
equation (48) [m] x dimensionless coordinate
E,F,G, H, eigenvectors Y,,..., Y, functions defined by equation
F mean temperature difference correction (33)
factor VA coefficient vector defined by equation
e, f;»g;,h; constant coefficients to be 34).
determined
I unit matrix Greek symbols
! flow location of fluid [m] o constant coefficient
L length of tubes [m] B division ratio of the shellside fluid
m number of tube passes above the & ratio of (NTU,);in tube pass i to the total
longitudinal baffle NTU, of the exchanger
n number of tube passes below the 0 temperature [K]
longitudinal baffle A eigenvalue
N total number of tube passes, m+n P, P2 constant coefficients
NTU number of transfer units G constant coefficient
O(x) function defined by equation (31) w velocity of the shellside fluid
P --->pc vectors defined by equation (32) [ms™'].
P dimensionless temperature change
through the exchanger Subscripts
AP pressure drop [Nm™7] a,b,c,d subregions a, b,candd,
Q coefficient matrix defined by equation respectively
34) 1,s  shellside
b,r,s,u coeflicients 2 tubeside
R ratio of thermal flow rates J,k  order number of elements of matrices.
S coeflicient vector defined by equation
(34) Superscripts
1.4 intermediate temperature of the tubeside ! inlet
fluid " outlet
At,,  true mean temperature difference * conventional shell and tube exchanger.
% e =1 (1) heat transfer coefficient is assumed to be constant in
= a pass in each subregion, but it may vary with passes
and subregions.
because of (3) There is no phase change and heat losses are
Ud = i A, () negligible.

i=1
and B,+ B. = 1 as well as

Pl__NTUl_R 1
P, NTU, > R/

(3)

In the analysis the major assumptions are made as
follows :

(1) The shellside fluid is completely mixed at any
cross-section of its nominal flow path and no by-
passing occurs.

(2) Piecewise constant heat transfer coefficient : the

(4) Specific heat capacities are constant throughout
the exchanger.

The whole heat exchange region is divided into sub-
regions a, b, ¢ and d. The corresponding temperatures
of the fluids are marked as T, t,, Ty, ty, T, t., T4 and
t4, respectively. By means of the above dimensionless
variables and parameters, the governing equations
can be derived for each subregion. For subregion a,
the energy balance yields

dz,; (=12...m) @&

UAE,!(T‘._, —tal) = i(l 1)‘ WZ dx
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“ . dt,

=Y +(-D)W 5
PEICLEY - ®)
These two equations can be reformed as
ds,; .
ax = TEDENTUT—t) (=12..m)  (6)
dT, NTU, = NTUl ”
dx - ﬁa _i:z| sitai ,*; (7)
Noting W, = W,, one can also obtain equations per-
tinent to subregion b
de,; :
I = O DaNTULT, — 1)
if=m+1,m+2,....,N) 8)
dT7, NTU, & N TU NTU, l
5. - — 81 i & (9
dx ﬁa i= §+ 1 b ﬂ i= ;+l )

Similarly, in subregion ¢ the governing equations are
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e HC Ve NTUT 1) (=1,2.0m) (10)
dT. NTU, NTU, _
= - 8itci‘Jf-—_T‘c & (11)
&SR et T
In subregion d there are the following equations:
dty; .
= (-~ 1)'e; NTU(Ty—ty)
dx
(i=m+1,m+2,...,N) (12)
dT, NTU, ¥ NTU, y
dx B. i=:4:+18i . Td: ;+18 (13

where the positive sign (+) and the negative sign ( —)
of the sign (1) in the above-mentioned equations are
valid for tube flow pattern I and tube flow pattern II,
respectively, which are shown in Fig. 1.

Obviously, there are (2N+4) ordinary linear
differential equations with constant coefficients. These

L, — Wy, & seyp—L
. W W . W W
W, | i=1—=® ‘ Wy  |imt =% o
&, i=2 D e, =2 )
2 Lc a 2 ‘ c a
i=m ___:) \“___ i=m N
mH emez ) (immt2  i=m+
1 b . d b
W2 =N ) | W2 =N )
ez W,——«— W, 62 wc -1 wﬂ
I L, m, n r L, - m, n
‘—-——» X W, even |——-—> X w‘ odd
(@) tube flow pattern |
l—— L-l — W| . 31 L‘ — w1 » 91
. ] W . A ! W
w; i-*‘_ ° w: w° = °
e i= ) =2 )
1 (e a % (¢ Py
_________ - S AN,
i=m — N _.li"l_;\_
el mmrz_ ) i=m+2 =m
‘ ( d b . d b
W, i=N ) W, =N )
e W, w, | © W —ere— W,
l L, m, n | L, m. n
'___, X w‘ even }__’ X w1 odd
(b) tube flow pattern

F1G. 1. Thermal scheme of 1 — N split-flow heat exchanger.
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Table 1. Boundary conditions for ¢(x)

Tube flow pattern

x=0 x=1 1 11
Lo = Loy = Leigss Iy = Lyp ) = Lyt 140y =0  ,0)=0
i=2,4...,m—~2 i=13.. . ,m—1
mn
even
Lai = Laiv 1 = Lajig Loi = Doig t = Lpijg
i=m+2,m+4, .. . N-2 i=m+1, m+3,...,N—1
b ™ loip1 = loie By = byt = Lyin W0 =0 (. (0)=0
P=24,.. . ,m—I i=1,3,...,m-2
m,n
odd
Igi = lgiv1 = Laiian Lo = tpin ) = loyipn
i=m+l,m+3,...,N=-2 i=m+2, m+4, .. N—1
Table 2. Interface conditions for 1{x)
mn m,n
x=x,=L,/L x=x,=L,/L even odd
L=ty Loy = Ly 1en(0) = 244 1(0) bam(1) = fopy (1)

i=m+1l,m+2,...,N

equations are a conjugal system through interface
conditions. To solve this system of differential equa-
tions (2N+4) determinant conditions are necessary.
Tables 1-3 give the related (2N +4) conditions.

In principle, the solution of these (2N-+4) differ-
ential equations with such (2N +4) determinant con-
ditions is very tedious. Fortunately, all equations are
homogeneous and we can readily solve this system of
equations by means of linear algebra [6]. The matrix
notation is introduced to express the system briefly.
For subregion a, equations (6) and (7) can be written
as

dT,

i AT,
where Ty = (a1 fazs -« -+ L To) T and A is a constant
coefficient matrix with order (m—+ 1), the elements of
which are given as follows:

(14)

0 i#j iLj=12,..,m
ay=< +{(—1)*'"eNTU, i=j Lj=1,2,....,m
+(—DegNTU, j=m+1 i=12,..m
NZU’% j=12,...,m
4= NTU, = i=m+1.
- B. kz=:|gk Jj=m+1

Similarly, for subregion b

Table 3. Boundary and interface conditions for 7(x)

x=0 x=x,=1L,/L x=1

T.=T, T,=10,T,=1.0 T.=T,

(15)

where Ty = (fumas 1s toms 2+ - - » o 1) " and B is a con-
stant coefficient matrix with order {n+ 1), the elements
of which are given as follows :

(0 i)
Lj=m+l,m+2,...,N
b +{(—-1)* e, NTU, i=j
’..=<
! L j=m+l,m+2,.. N
+(—1)g; NTU, j=N+1
L i=m+1l,m+2,...,N
b,’jz
NTU, .
— B _gj ]=m+1,m+2,...,N
a = N+1.
NTU, ¥ , l "
Z &y f=N+1
ﬁa k=m+1
For subregion ¢
ch
5 ~ CTe (16)

where Te = (fqytozs + v s Lo To)' and C is a constant
coefficient matrix with order (m+ 1), the elements of
which are given as follows:

0 itj
+(=1)* g NTU, i=j
H (=D NTU, j=m+1

Lj=1,2,....m
Lj=12,....m

i=1,2,....m
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NT
~ ﬁUlsj j=12,....m
Gy = NTUcm i=m+l.
ﬂ ! z & J=m+1
c k=1
For subregion d
dT
dx":DTD an

where Ty, = (fgms 1> Lams 20 - - - » Lan» Ta) T and Dis a con-
stant coefficient matrix with order (n+ 1), the elements
of which are given as follows :
(0 i#j

Lj=m+1,m+2,....N

d (=)' NTU, i=j
i'=<
’ Lj=m+1,m+2,...,N
+ (=g NTU, j=N+1
L i=m+1,m+2,...,.N
NTU
; 'ej j=m+1l,m+2,...,N
4= nNrTU, ¥
——— ¥ & j=N+l
ﬁc k=m+1
i=N+1. (18)

Now we will search a general solution matrix for
each subregion by means of eigenvalues and eigen-
vectors. Assuming E exp (4,x) to be a solution of
subsystem (14), one can obtain

A Eexp (4.x) = AEexp (4,x). 19
Since exp (4,x) # 0, so that
(A—ADE=0. (20)

In order to obtain a non-zero solution for vector E,
there must be

det(A—-A,I) =0. 1)

This is a polynomial equation of degree (m+1) in 4,,
and hence there are (m+1) roots 4,; (i=1,2,...,
m+1), which are called eigenvalues of A, and the
corresponding E; (i=1,2,...,m+1) are called
eigenvectors of A

E = (e,e5,-.- (22)

2 €m+ I,i)T'

Similarly, for subsystem (15) there are (n+1) eigen-
values 1., and corresponding eigenvectors F, (i =
m+1,m+2,...,N+1)

F, = (fm+l,isfm+2,1!""fN+l.i)T' (23)

For subsystem (16) there are (m+1) eigenvalues A;
as well as eigenvectors G, (i = 1,2,...,m+1)

G, = (g 92i»---agm+1,i)T- (24)

Finally, derivation of subsystem (17) gives (n+1)
eigenvalues Ay and corresponding eigenvectors H,
if=m+1,m+2,...,N+1)
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Hi = (hm+ 1,is hm+ 2.0y«

. ’hN+ I,i)T'

If all these eigenvalues are distinct in each subsystem,
respectively, temperature vectors to be determined can
be expressed as

25)

m+ 1
Ta= ) ¢Eexp(i,x)

j=1

(26)

N+

Te= 3 fFexp(iyx)

jema 1

@7

m+1

Tc =Y, 9,Gyexp (A;x)
j=1

1

(28)

N+1
Tp= Y hHexp(lyx).

J=m+1

(29

The combination of equations (26)—(29) constructs a
general solution for the 1—N split-flow heat ex-
changer. However, it must be emphasized that equa-
tions (26)—(29) may fail if there occur multiple eigen-
values. In this case, these equations must be corrected.
If there is an eigenvalue 4,; of multiplicity £ in sub-
system (14), for example, a solution of the following
form is suggested [7]:

Y = O(x)exp (A,;:x) (30)
where O(x) is a polynomial of degree k, given by
O(x) = py+px+psxi+-+pxX~1. (31
Insertion of equation (31) in subsystem (14) yields
(A=AD(p i +pox+pyx*+--+px*~") = p,
+2psx+- -+ (k—1D)pex* 2.

In order for this equation to be valid for all x, we
equate coefficients of x and obtain

(A-4,Dp, =0
(A—4Dpi_, = (k—Dp,
(A=2.Bpi_; = (k=2)p_,

A=4Dp, = p,.

Since det (A—4,I) =0, the remaining non-homo-
geneous system can be solved, provided that the rank
of (A—4,1) is equal to the rank of the augmented
matrix formed by (A—A,I) with non-homogeneous
terms in equation (32). From a set of vectors
[P1,p2--.,p], the following solutions can be con-
structed ;

(32)

Y, =p,exp (L;x)
Y, = (p,+p,x) exp (LX)
Y= (@pi+px+-+px* " Nexp(d,x) (33)

which are also solutions of subsystem (14). With
the solutions related to other distinct eigenvalues
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A4j» @ general solution for subsystem (14) can be con-
structed by a linear superposition. To do this, E;
(j=1i,i+1,...,i+k)inequation (26) will be replaced
by ¥, (j=1,2,...,k), respectively. In this way one
can readily solve the problem with multiple eigen-
values. In the following analysis we will concentrate
on the case where all eigenvalues are different. The
procedure for the case with multiple eigenvalues is
similar.

The (2N +4) constant coefficients ¢;, f;, g, and 4, in
equations (26)—(29) must be determined according to
the given boundary and interface conditions in order
to find the particular solution for the original
problem. Regarding the conditions in Tables 1-3, a
matrix equation for determining these coefficients can
be written as

QZ =S (34)
where Z, S are vectors with (2N + 4) elements
Z= (elan"~',em+|af;n+|5.fm+23‘"’fN+la
glagZa--~$gm+lahm+hhm+2’~~-9hN+I)T
S=(0,0,...,0,1.0,1.0)7

if the inlet boundary conditions for the shellside fluid
at x = x, are taken as the last two equations.

Matrix Q of order (2N+4) has elements which
depend on factors, such as the multiplicity of eigen-
values, the tubeside flow pattern, the number of tube
passes and the entrance and exit locations of the shell-
side flow. If all eigenvalues are distinct (generally, it
is s0), m and » are even numbers and the tubeside flow
pattern is the same as that shown in Fig. 1(a), elements
gi; can be described as

(ekk,/_ekk+l,j) exp (}'aj) I<j<m+1
7% =10 m+2 <j<2N+4
k=12,....m/2
where kk = 2k —1
_ (ﬁck;/ fkk+1//)exp(ibu) m+2<J N+2
9% =9 other j
m m N
k=— — =
> +1, > +2, 5
where kk = 2k—1and jj=j—1
Gk, jj — Gk +1,jj N+3I<j< N+m+3
% =0 other j
N N N+m
k—§+1,5+2,...,7—1

where kk = 2k—N and jj = j~N+2

hkk,j/”hkk+1,jj N+m+4<j<
% =0 other j

2N+4

k= ﬁ%ﬁiﬁ§ﬁ+1,...,1\u2
where kk = 2k+2—Nand jj=j—N-3
4 XD (X 1) I1<j<m+l1
G = — G €Xp (Aix)) NH3I<j< N+m+3
0 other j
k=N—-LN,...,N+m-2
where kk = k—N+2and jj=j—N-2
JSirj-16Xp (Apj_1X1) mA2< i< N+2
Qe = ~huj€Xp (Ag¥))  N+m+4<j<2IN+4
0 other j
k=N+m—1,N+m,...,2N-2
where kk = k—N+2and jj=j—N-3
G j1 N+3<j< N+m+3
;=< —hpi1;2 N+m+4<j<2N+4
0 other j
k=2N-1
€ms1, €XP () I <j<m+1
Gi; =< —fne11€Xp(Ay;) m+2<j< N+2
0 other j
k=2N
where jl = j—N—2and j2 = j—N-3
Gnirs1  N43<j<N+m+3
Qi =9 —hypr,2 N+m+4<j<2N+4
0 other j
k=2N+1
where jl =j—N—2and j2 =j—-N-3
hy, N+m+4<j<2N+4
9 = {0 other j k=2N+2
where jj = j—N-3
Cmi EXpP(Ayx) 1<j<m+1
T = {O +l j othejrj k=2N+3
Ini1 ;€5 (A;x)) N+3Kj<N+m+3
q*f‘{o other j
k=2N+4

where jj =j—N—2.
Therefore, all constant coefficients can be deter-
mined from

Z=Q'S (35)

where Q ™' is the inverse of matrix Q.

On finding all coefficients, one has determined the
particular solution subject to the determinant con-
ditions given by Tables 1-3, so that intermediate
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temperatures and the thermal effectiveness P, can be
readily obtained. Intermediate temperatures in four
subregions are given as follows:

m+1

taxH—I = tal(x - 1) = Z ee:/exp ()"ﬂ])

jA

i=13,...,ml
N+1
b1 = tu(x =1) = Z Jifiiexp (Ay))
J=m+1
i=m+1,m+3,...,N1
m+1

tci,i+l = tci(x = 0) = Z gjg,-j = 2,4,. . .,m2
j=1

N+1
liiv = tu(x =0) = Z hjhij
J=m+1
i=m+2,m+4,...,N2 (36)
where
| = m—1 evenm - m—2 evenm
m= m—2 oddm me= m—1 oddm
N1 = N—1 even N N2 = N—-2 even N
T |N=2 oddN T |N—1 oddN.

The final dimensionless outlet temperature of the
shellside fluid is described by

Ty(x,) Wc+ Ty(x,) W,

T = W] 2= BaTb(xz)
N+1
+B.Ty(x;) = B, Z S fvaer exp (Ay;x,)
j=m+1
N+l
Z by, ;€xXp (ldsz)‘ 37N
Jj=m+1

With the relationship 7” = 1— P, one has
P =1-T"=1=—B,Ty(x,)—B.Ts(x,). (38)

Therefore, the thermal effectiveness of the 1 — N split-
flow exchanger P, is calculated from

—BaTo(x3) = B.Ty(x2))R,.

By means of the final dimensionless temperature
change of the tubeside fluid, P, can be also expressed
as

Py=( (39

P, =
m+ 1
t.(0)= Y g,9,, tubeside flow pattern I
e
tay(0) = Y. hhy, tubeside flow pattern IL
Jj=m+1

(40)

Furthermore, the log mean temperature difference
correction factor F = At,,/At,,, for the split-flow ex-
changer can be determined by
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0.4

0.6
I32

FiGg. 2. 1-2 split-flow heat exchanger (¢, = &, = 0.5) with
tube flow pattern 1.

1-P,
_ 1-PR,
T NTU,(R,—1)’

In
(41)

So far, we have derived all formulas needed for the
thermal calculation of the split-flow exchanger with an
even number N of tube passes. The solution for odd
N can be readily obtained in the same way.

3. CALCULATION EXAMPLES

Utilizing the previous formulas, we have executed
a few calculation examples. The results are plotted in
P,—P, diagrams, which show curves with constant
NTU and F. Figure 2 gives the thermal performance
of a two tube pass split-flow exchanger with tube flow
pattern I at the known parameters, such as fi, =
0.5, L,/L=L,/L=05 and ¢, =&, = 0.5. Figure 3

R1
' /. Vi
08 EREIN :
RN
06-‘. \\\ .

0.4

;

\
Q
R 3
D
X ~.
W
Q
\
.
RN
&
: t\

A \?\a \;‘

0.4 p 0.6

FIG. 3. 1-2 conventional heat exchanger (¢, = 0.5, ¢, = 0.5).
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g

%\
S J

NTY =g, 3 LA

0.2 L
i/ u
0.0

0. 0.2 0.4 0.6 0.
P

=)
FA

G 3

FI1G. 4. 1-4 split-flow heat exchanger (¢, =&, =€, =¢4=
0.25) with tube flow pattern L.

shows the thermal performance of two tube pass
conventional exchangers at the known parameters
g, = &, = 0.5. Comparing these two figures, one can
realize that the thermal effectiveness P, of the split-flow
exchanger will increase with NTU and the thermal
effectiveness of the conventional exchanger almost
ceases to increase with NTU, when NTU > 3.0. With
the same value of the logarithmic mean temperature
difference correction factor F, there are greater values
of P, for the split-flow exchanger. Figure 2 also illus-
trates that there is no peak value for the thermal
effectiveness P, even at greater values of NTU, which
is different from the thermal behaviour of the divided-
flow exchangers [8]. NTU and F curves for a 14 split-
flow exchanger are plotted in Figs. 4 and 5. Obviously,
the slopes of these curves vary with tube flow patterns.

é&f‘

0.8

7

5
A}

0.6

0.4

\ |\
NTU %0.3

%% 0.8 1.0
0.2 0.4 0.6 . .
PZ

3, 'ﬁ
.
7/

0.2

=]

0.

(@]

FiG. 5. 14 split-flow heat exchanger (¢, =&, =¢; =€, =
0.25) with tube flow pattern IL

The thermal performance of the split-flow exchanger
with tube flow pattern I is considerably higher than
that of the same type of exchangers with tube flow
pattern II, because the former can efficiently utilize
the temperature difference between the shellside fluid
and the tubeside fluid. Therefore, tube flow pattern II
should be avoided. It is worth pointing out that the
reverse heat transfer may take place in 1-4 split-flow
exchangers, when NTU > 5.0. This phenomenon is
not expected and designers should pay attention to it.
Figure 6 shows constant NTU and F curves for a 1-6
split-flow heat exchanger with tube flow pattern 1.
Comparison among Figs. 2, 4 and 6 reveals that two,
four and six tube pass exchangers have nearly identi-
cal thermal performance, when NTU < 4.0. In design,
conventional shell and tube exchangers with even
N are usually treated as 1-2 exchangers. Obviously,
the same design rule can be applied to split-flow
exchangers.

4. PRESSURE DROP

In a heat exchanger with the split-flow pattern, the
pressure drop on the shellside will be dominated by
the distribution of the shellside fluid. Without con-
sideration of the influence of baffies, this pressure drop
can be approximately described as [9]

AP, ~ w;L” 42)
where
1 laminar
*= {1.75 turbulent

and L, is the flow length of a pass. Usually, the press-
ure drop on both shellside flow paths in the split-flow
exchanger should be equal to each other, i.e.

R
1
A /, Z,
1.0 gl meneg 05
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FiG. 6. 1-6 split-flow heat exchanger (g, =02, &, =¢; =
0.15,8,=0.2, &5 = g = 0.15) with tube flow pattern I
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APs = AP53+APsb = APsc+APsd' (43)

If the equivalent transverse diameter of the shell flow
tunnel over the longitudinal baffie equals that of the
shell flow tunnel below the baffle, one can have

WiL—L\)+WHL—L,) = W:L,+W:L,. (44)
Rearrangement of equation (44) yields
1
B. = (45)

2 1/z
(o)
X, +Xx,

which means that the division of the shellside flow is
not arbitrary once the entrance and exit locations of
the shellside fluid have been chosen, if equation (43)
holds.

In a conventional shell and tube exchanger with N
tube passes, the pressure drop on the shellside can be
described as

oW'L

APY= =1 (46)

Comparing equation (43) with equation (46), one has
AP, AP, +AP,
AP*  oWAL
D

(47

In general, the longitudinal baffle divides the whole
transverse flow tunnel of the shellside flow into two
equal parts in the split-flow exchanger, so that the
equivalent transverse diameter of the tunnels for W,
and W, can be expressed as

2
d= \/— D (48)
2
therefore, equation (47) can be rewritten as
AP,
Apr= V22— x = x). (49)

Insertion of equation (45) into equation (49) gives

AP, 2/2B3(1-B.)"
AP} (1-B)+B:"

Undoubtedly, the right-hand side of equation (49) or
(50) is less than 1.0, which signifies that the shellside
pressure drop in the split-flow exchanger is smaller
than that in the conventional shell and tube exchanger
of the equal whole thermal flow rate on the shellside.

In general, the distribution of the shellside fluid will
result in the variation of the overall heat transfer
coefficient U. To simplify the discussion, we will think
about the following two extreme cases:

(50)

(1) If the major heat transfer resistance lies on the
tubeside, the overall heat transfer coefficient can be
considered to be independent of the division of the
shellside fluid. In this case the influence of the dis-
tribution change of the sheliside fluid upon the overall
heat transfer coefficient can be neglected and equation

(49) or (50) can be directly used to analyse the shell-
side pressure drop in the split-flow exchangers.

(2) If the heat transfer resistance on the shellside
is controlling, the overall heat transfer coefficient is
approximately equal to the heat transfer coefficient
on the shellside and will vary with the distribution of
the shellside fluid. Assuming that the shellside flow is
turbulent, one can have the formula to calculate the
sheliside heat transfer coefficient [10], which approxi-
mates the overall heat transfer coefficient

U= c,o*".

(51

In the split-flow exchanger the heat transfer area is
divided into subregions a, b, ¢ and d, by means of
thermal flow rate, the overall UA can be described as

(UA) = (UA), + (UA)y + (UA). +(UA),

W\ A W \o-6 A
— e 2 _ o n _ Z
—Ch<d) (L L1)2L+Ch<d> (L L2)2L

. WC 0.6 A . Wd 0.6 A
+cy 7 Lli+ch 7 in.

In a conventional shell and tube exchanger with the
same value of the shellside thermal flow rate W, and
of the overall heat transfer area A4 as the split-flow
exchanger, one has

v = ¥} 4
(U4) _chj .

Comparison of equation (52) with equation (53)
yields

(52)

(53)

U4 NTU,

= = 0.6¢y__ —
A = Nus = 061566 2—x —x)

+(1=B)"(x 1 +x3)). (54

Equation (45) can be inserted in equation (54), if
relationship (43) is held. One should combine equa-
tion (54) with equation (49) or equation (50) to esti-
mate the merits of the split-flow exchanger, if the heat
transfer resistance on the shellside is crucial.

5. OPTIMUM ENTRANCE AND EXIT

It is clear that the thermal effectiveness of the split-
flow exchanger varies with the entrance and exit
locations of the shellside fluid. We will take a 1-2
split-flow exchanger as an example to discuss the
influence of the entrance and exit locations upon the
thermal effectiveness. According to the previous pro-
cedure, one can readily obtain the formula for cal-
culating the thermal effectiveness of a 1-2 split-flow
exchanger with tube flow pattern I at arbitrary
entrance and exit locations of the shellside fluid as
well as arbitrary 8,
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NTU,
~NTU, B.p2 (55)

where

P =1—piexp (dxy)
1—r
5+¢xp (4,) —exp (4, x;)
u

P =

r(1 —exp{A.x,))—

NTU,
NTU, B.(1—exp (44x,))
r=— - —
NTU
1+J_VTU1 e

exp (4,)
exp (4p)

NT
(WU— Baexp (A, x,) —exp (’.’-b))

exp (’la-x I)
exp (A.x,)

:1 NTU,
+NTU1

NTU,
Aﬂ = NT(]QE] - iﬁ"ffh

NTU
j’b=7 ﬁ IAFZ

NTU

_NTU,e,

A= Le +NTU,8,

c

A= —NTU,e,— NTU\.S;.
B.
It must be emphasized that equation (55) should fail,
if i, = 0 or A, = 0. From equation (55), one can deter-
mine the optimum entrance and exit locations of the
shellside fluid at which thermal effectiveness P, will
reach the maximum value. To do this, one should

1.03
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FiG. 7. Thermal effectiveness vs x, (m =n =1, NTU, = 1.0,
x; = 1 —x,) with tube flow pattern L.
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Fi1G. 8. Thermal effectiveness vs x, (im =n = 1, NTU, = 2.5,
x, = | —x,) with tube flow pattern I.

take equation (45) as a constraint, if equation (43) is
observed.

We have carried out some preliminary calculations,
considering the following two relationships between
the entrance location x, and exit x,, respectively, i.e.
x,=1-—-x, or X, = x,. The calculation results are
plotted in Figs. 7-10, which show that the thermal
effectiveness P, reaches the maximum at x, = x, =
0.5. In other words, the entrance and exit of the
shellside fluid should be located in the middle of the
split-flow exchanger to obtain the maximum thermal
effectiveness. Figure 10 is made pertinent to the
case that the heat transfer resistance on the shell-
side is a limiting factor. Comparing Fig. 7 with Fig.
9, one can easily find that heat transfer in the split-
flow exchanger will greatly degenerate if x, = x,, with
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0.8E /;'/ rgpn— ? :\\\\
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FiG. 9. Thermal effectiveness vs x, (n = n= 1, NTU, = 1.0,
x, = x,) with tube flow pattern 1.
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Fi1G. 10. Thermal effectiveness vs x, (m=n=1, NTU*=
1.0, x, = 1 —x,) with tube flow pattern I.

the exception of the point x, = x, =0.5. With
increase of NTU, the influence of the entrance and
exit locations of the shellside fluid will become greater,
so that designers should pay much attention to the
reasonable choice of the parameters x, and x, to
obtain the optimum thermal effectiveness.

6. CONCLUSION

(1) Equations are derived for predicting tem-
perature at a given location on the heat transfer sur-
face and the thermal effectiveness of 1— N split-flow
exchangers.

(2) For low values of NTU, the thermal per-
formances of split-flow exchangers and of conven-
tional shell and tube exchangers are almost identical,

but the split-flow exchanger becomes thermally more
efficient as NTU increases. With further augmentation
of NTU, the reverse heat transfer may occur in the
split-flow exchanger. The shellside pressure drop in
the split-flow exchanger is smaller than that in the
conventional shell and tube exchanger with the same
total thermal flow rate W, and the same length L.

(3) When the entrance and exit of the shellside fluid
are located in the middle of the split-flow exchanger,
the thermal effectiveness will reach the maximum.
With increasing NTU, the influence of the entrance
and exit locations upon the thermal effectiveness
becomes greater. The arrangement x,=1-—x, is
better than the arrangement x, = x, and in the
latter case the heat transfer will be deteriorated, except
atx, =x,=0.5.
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PERFORMANCES THERMIQUES DES ECHANGEURS A ECOULEMENT SEPARE

Résumé—Une analyse est développée pour les échangeurs thermiques 4 écoulement séparé avec un nombre
pair de passes en tube, des positions de I'entrée et de la sortie de ’écoulement dans la calandre, une division
arbitraire de I’écoulement et un N7U variable. Une solution analytique est présentée pour le calcul de la
température et un point quelconque et I'efficacité thermique. La performance thermique de cet échangeur
est comparée a celle d’un échangeur conventionnel. La perte de pression du ¢6té de la calandre est discutée
ainsi que les emplacements de I’entrée et de la sortie de 'écoulement en calandre dans ce type d’échangeur.

THERMISCHE LEISTUNG VON ROHRBUNDELWARMEUBERTRAGERN MIT
GETEILTEM MANTELSTROM UND LANGSUMLENKBLECH

Zusammenfassung—Das thermische Verhalten des Rohrbiindelwédrmeiibertragers mit geteiltem Mantel-

strom und Lingsumlenkblech wird untersucht. Dabei diirfen mantelseitige Ein- und Austrittsstutzen

beliebig liegen und die Aufteilung des Mantelstroms ist variabel. Fiir die Berechnung der Temperaturprofile

und der thermischen Leistung wird eine geschlossene Losung angegeben. Die thermische Leistung dieses

Wiirmeiibertragertyps wird mit der des normalen Rohrbiindelapparates verglichen. AuBerdem werden der

mantelseitige Druckverlust und die optimale Lage der mantelseitigen Ein- und Austrittsstutzen genauer
untersucht.
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TEIUIOBAS XAPAKTEPUCTHKA MHOI'OXOHOBBIX TEIJIOOBMEHHHKOB

Ansoraims—IIpoBoauTCH TEPMUYECKHH AHANH3 MHOTOXOHOBBIX TeNIOOOMEHHHKOB C YETHBIM HACIOM

TpYOHBIX XOHOB, NPOBH3BONLHLIM PACHOIOKEHAEM BXOAA H BHXONA BHEIIHETO HOTOKA, NPOH3BOMLHEIM

ero fAejieHHEM H H3IMEHMOUMMMCH HOTeHumanamu mepesoca. IlpelcTaBneHo pemieHne B 3aMKHYTOH

¢opMe ang pacueTa TEeMIEPATYPH HPH 3aJaHHOM PAcHONOXKeHMH M K.1A. CpaBHHBRIOTCH TEIUIOBLIC

XapaKTEPHCTHKH MHOTOXOJOBHIX TEIUIOOOMEHHHKOB M O0BIMHOrO KoXyxoTpybHoro. O6cykmarorcs

nepenagkl OABJICHHA B KOXKYXe, & TaKke ONTHMAJIbHOE PACNONOXEHHWE BXOOA M BBIXOLA BHELIHEro
NOTOKA B TEILTOOOMEHHHKE.



