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Abstract The typical installation of a heat exchange device usually involves a flow contraction at the
core entrance and a flow expansion at the core exit. Repeated flow contraction and expansion are experienced
in the flow passages of some compact heat exchangers. The latter refers to the flow passages in the plate-fin
type with louvered fins or stripped fins and in the tubular type with dimpled-circular or flat tubes. Similar flow
situations are encountered in flat-edged orifices. The majority of these constrictions are characterized by small
length-to-hydraulic diameter ratio L* /Dh so that the flow after being disrupted has a little time in developing
into an appropriate pattern before it is disrupted again. This work deals with a flow system consisting of a
parallel channel with a flow constriction of small L’/D;. The flows at both ends of the channel are laminar,
fully developed. The full Navier-Stokes equations for the steady two-dimensional flow are solved numerically
using the finite-difference technique. Some preliminary results are obtained for the distributions of velocity
components, streamline and pressure. The result for a flow of small Reynolds number show qualitative
agreement with the flow pattern of a similar flow system obtained by visualisation method.
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INTRODUCTION

Flow and heat transfer behavior in long tubes
and ducts, as well as at entrance regions,
have been well documented. In sharp con-
trast, little informations is available on the
hydrodynamic and thermal characteristics in
short tubes and ducts with abrupt entrance
and exit.

The ratio of the tube or duct length L* to
its hydrodynamic diameter Dy is the dimen-
sionless parameter commonly employed as a
measure of length for the development of a
boundary layer in the transport phenomenon

of momentum, heat or mass. The majority
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‘of both the theoretical and experimental

studies of transport phenomena in internal
flows deal with hydrodynamically smooth
entrance and exit. In reality, particularly for
industrial applications, internal flows with
abrupt entrance and exit are common. For
example, the:flows into and out of heat
exchangers experience abrupt changes in the
flow cross-sectional areas at the entrance and
A flow through a flatedged
orifice is another example. When the L*/Dﬁ<

exit regions.

ratio is large, the fluid being disturbed by an
abrupt change in the flow cross-sectional area

at entrance has enough down stream distance
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to readjust its velocity profile, even though
vortices may have been generated at the
entrance region, as in the case of moderate
to high speed flows. Those instruments
such as pressure probes or thermocouples
can be installed at proper locations to measure
the pressure or temperature drop at entrance.
However, in case of short L*/D;;, the fluid
after entering the tube or duct may not
have enough flow length for readjusting
its flow patterns before it comes to the exit to
undergo another drastic change- a sudden ex-
pansion. Under this circumstance, measure-
ments obtained from these instruments, if
not meaningless, may not be indications
of the potential drop, if not meaningless.
Two serious questions arise: One concerns
the proper location for installing those in-
struments. The other is related to the con-
ventional definitions of the Fanning friction
factor f and the heat transfer factor j which
are employed to measure the magnitude of
pressure drop and heat transfer performance,
respectively. Are these definitions still
meaningful or applicable? If the answer
to the latter question is negative, then

what alternative is available? Probably,
there is no simple answer to both questions.
Nevertheless, it is definitely a step forward to

investigate the changes in the velocity and
temperature profiles inside the tube or duct,
following the flow contraction at the entrance
and prior to the flow expansion at the exit.
It is anticipated that the flow and tempera-
ture patterns will be complicated, particularly
when vortices are generated in the flow.

Two programs are to be pursued: the
Only
the theoretical study is presented in this
paper. A mathematical model is developed
to describe the flow behavior in tubes or

theoretical and experimental studies.

ducts having abrupt entrance and exit. The
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flow regions immediately upstream and down-
stream from the passage are also included.
Theoretical results are obtained by means of
numerical method with the aid of a digital
computer. These results include the distribu-
tion of the velocity, streamline and pressure.

Results obtained from this study have
applications to the hydrodynamic devices and
heat exchangers having short flow passages
and compact heat exchangers with louvered,
or stripped-fins or dimpled tubes. To achieve
high heat transfer performance in compact
heat exchangers, louvers are provided to
disrupt the boundary layer developed on the
heat transfer surface. Another means of
disrupting boundary layer is to cut the cor-
rugated surface in the flow direction into
short pieces which are then dislocated alter-
natively. Each section of the flow passage
between two consecutive louvers or stripped
openings constitutes a flow passage of small
L*/Dfl ratio. In the case of dimpled tubes of
either circular or flattened cross section, the
flow inside the tube experiences a periodic
change in the flow area, which is precisely
the situation under consideration.

I hope that a grateful general acknow-
ledgment will express my sincere gratitude
for the people who have been generous with
their comments and suggestions. My sincere
thanks to Mr. Sahas Bunditkul and Professor
Wen-Jei Yang, to their help and encourage-
ment.

LITERATURE SURVEY

Reference 3 is probably the only important
work ever being reported, which deals with
the problem of pressure drops at an abrupt
contraction and expansion in a flow passage.
The expansion and contraction coefficients X,
and K are defined as a measure of pressure
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drops due to abrupt expansion and contrac-
tion, respectively, in the flow cross-sectional

area: *9
AP* . =K,.2 v
expansion 2g,

= PV* 2
‘contraction € 28,

Here AP" denotes the pressure drop; v*, the

mean velocity inside the flow passage; p, the
fluid density. pV"< 2/ 2 is the so-called dynamic
head of the flow. The analysis in reference
is intended for a fully-developed flow, in
either laminar or turbulent range. Therefore,
the results are applicable only to the flow
passage of large L*/D"}‘1 ratio. No attempt
has been made on determining the potential
distributions.

ANALYTICAL MODEL

Consider a flow channel with a constriction
as shown in Figure 1.
located at distance L] from the channel
entrance with a width a*, has a length L* and
width b*. By definition, the hydraulic

diameter Dh*of the constriction is 2b*. The

The constriction,

exit of the channel is at a distance L; from
the end of the constriction. The flow is
laminar, fully developed at both the entance
and exit of the channel. In the present
study, effort is directed toward the constric-
tions of a small L*/D’f1 ratio. It is desired
to determine the velocity profile and the
streamline and pressure distributions in the

entire channel.

‘a. Formulation

Incompressibility of the fluid, steady two-
dimensional flow, constant physical properties,
no body force and parabolic velocity profiles
at both the channel entrance and exit are
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w=c

‘assumed in developing the analytical model.

The vorticity and continuity equations in

dimensionless form read as:

2 2 -
,uaw—+v aw=c8w+aw (1)
ox oy ax2 ay2
‘and
aLr-f- ?V =0 7(2)
0xX

respectively. Here, u and v denote the velo-

city components in the x and y direction,
respectively, w is the vorticity and C is
defined as (b*/ L*)z. The continuity equation
can be satisfied by the use of the stream
function defined as

2 2y (3)

‘Then, the vorticity is related to the stream

function as
32y 32 ]
5 g
dx2 ay

'The appropriate boundary conditions are as

follows. The velocity components are all
At the entrance
and exit of the channel, u =—2—1‘1[1—(Ty)2]
and v = 0, wherein u is the average velocity.

zero at the solid surfaces.

v = 0 and du/dy = 0 at y = 0, the centerline
of the channel. These boundary conditions
read, in terms of the streamline and vorticity,
(i) For stream functions:

v =—23—f1y 1 —%(za—?’)z] at the en-
trance and exit, ¥ =0 at y = 0, and constant
stream function along the solid surface;

(ii) For vorticities

12ay ‘ )
w = — at tne entrance and exit,

w=0aty= 0 and w on the solid surface to

be determined from ) i

Y 32w 4. Lo B
[c ;:% + 2y2 I" at solid boundary ~ 0.
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" b. Method of Solution

The finite difference technique is employed
to solve the governing differential equations,
with the appropriate boundary conditions
and the aid of a digital computer.

The physical system is subdivided into a
‘network consisting of a number of nodal
points. Two grid sizes, Axp x Ay and Axp x
Ay, are employed as shown in' Figure 2.
As a result, two different forms of Taylor’s
series expansion are adopted in the finite
difference technique: case A for a nodal
point (i, j) located at distance Ax from the
left and right neighboring nodal points (i—1, j)
and (i+1,j) and Case B for nodal points with
i=ky, k2, 11 and 15, the cross sections across
which Ax changes from Ax; to Ax,.

One writes, for case A,

fippi— £ :
2 T g forward)
ox Ax

fooq i—f 1.
= -.L]-,J_lli-l-o(Ax)z(central)

- ’
where in,-

‘and for case B

of Axg
—_— . = fi+1,j +
ax sz.Axlz

Axl . sz 1"]

1

——  f. ]+ R”
i—1, X: :
Ax1.0%1, L

1,)

and R‘xi,j are the remainder
terms of the first- and second-order derivative
approximations, respectively. Different treat-
ments based on the structure of the grids
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2A0x surrounding the nodal point under considera-
f; i~ fi——l,j tion results in two expressions for each equa-
= + . .. . .
TV 0(Ax) (backward) 1 and each boundary condition. The finite-
2 7f . difference expressions of all the governing
-9 . i+l “My T i1, - . . )
[ . ] h ’J, J U 0(ax)2  equations and their appropriate boundary
ox (Ax) 2 conditions are presented in Tables 1 and 2,
o
)
L * Lt
N P
EULRY RN ERER TN MO AR AR gy AALAALAAAAAN AN
\ \
AN, \\
L a¥ __ b* » x*
AR R R AP R
A \
XY AT T T T T TS Y ABRRARRARARRARARDY
Channel Constriction Channel
Entrance Exit
‘Figure 1. The conduit model configuration and coordinate system.
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respectively. Axq, is defined as Axq + Ax,.

¢. Computational Procedure

The values of the vorticity, stream function,
velocity components and pressure are com-
puted step-by-step following the procedure:
1. Assume the initial values of u, v, w, and
y for all the interior nodal points as well as
w’s at the solid surfaces.

2. New values of w for the interior points
are determined using equations (5-A) and (5-B)

by Gauss-Seidel iterative scheme [4].

‘3. Equations (6-A) and (6-B) are employed to

compute the new values of ¢ corresponding to
the new w’s obtained in step 2, by means of
the successive row iteration method [2, 5].

4. New values of u and v for all nodal points

are obtained using equations (7-A), (8-A)

and (8-B) and the equations listed in Table 2

(i).

5. The equations listed in Table 2 (i) are
used to calculate new values of w for the

nodal points on the solid surfaces.

6. Changes in ¥’s in percentage between two

Y
Ax Ax ‘
h oA g "B D j=N+1 (M+1, N+1)
1A . ) ¢
C Mle i=m1‘ =m, -l
E j:n F
i=1 ik g~ a— i=k, =M+
i=Q] i',Q/-
2
o
By . b . .
(4, 1) = x
I.,1 L L2
Figure 2. Finite difference network
] b
' y-16.67 V1667
=L 166 «1670 ¥ *16.70— 15.5 =
o165 1675 16.75— 16.5 -
I 1680 16.80~] 16,0 ——————u-
16.0. 5 5
i 15.0 o © 15.0
. * N 13,
13.5 > V1667 > 3.5
- ||.5\ : 11.5
3.0 S~ 9.0 -
—~———%0 6.0
— 30 3.0
—1 1 I 1 1 0 1 1 I 1 1 2 1 1 1 1 1 1 ’ L I 1 1 . 2 i 1 1 0 i N s
1 3 5 7 9 Il 131517 27 37 47 57 59 61 63 65 67 69 79 89 99 109 (11 113 15 117 119 121 123 125 127 129 131 133 135
[} b
Figure 3. ‘Streamline distribution in a channel with a flow constriction for Re=67, L‘/D5=0.5, L=L;=L,/2.

VJournaI of Engineering, Islamic Republic of Iran

Vol. 1, Nos. 2 & 3, August 1988 — 121



successive computations are determined for
all nodal points. Steps 2 through 5 are
repeated until the changes in ¥’s at all nodal
points become less than a specified percentage
value.

7. The final step is to determine pressure
distribution in the flow system using equa-
tions (9-A) and (9-B) and those listed in Table
2 (). |

RESULTS AND DISCUSSION

Numerical results for w, ¥, u, v and P are
obtained for Re=67, L*/D}";=0.5 L=L1=L,/2,
i= 145, j = 11 and 1.0% specified maximum
change in y’s. Smaller grid size was used
in the regions near the entrance and exit
of the constriction. The streamline distribu-
tion is plotted in Figure 3. Two stationary

eddies are seen in the Figure, one at the front

Figure 4.
symmetry [5]

Streamlines observed in a flow toward a stagnation point at a wall with a thin plate at the plane of

Figure 5.
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Streamlines observed in a back-step flow at Re=47 [3]
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'step and the other at the back step. The
streamline distribution and the eddy down-
stream from the constriction resemble those
observed in the case of a flow over a back
step in reference [3]. The dimpling of the
stream lines adjacent to the eddies is clearly
observed in typical back-step flows [6].

It is worth noting that the successive row
iterative scheme employed in the present
study gives results with only a few iterations,
much faster convergence than other methods
7, 8].

CONCLUSION

At numerical method has been developed to
analytically investigate the distributions of
streamline, velocity components, vorticity and
pressure for laminar flows through a parallel
channel with a flow constriction. The con-
striction is characterized by a small value of
the flow length to hydraulic diameter ratio.
The streamline distribution and the eddies
generated in the flow system compare qualita-
tively well with the results obtained by both

the numerical and visualization studies on

7back-step flows. Figures 4 & 5.
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‘Table 1.Governing equations in finite difference form

Equation ‘CASE A
Ui Vi) 2¢ 2 o e by

Vorticit + + + Wy = Wigq it + .

v Ax Ay AxZ Ay'z] Sl Jopy*! 2 Ax Feig,j

+[——1—-]w--+1+[ 1_4 Vi,j Jw; 1 (5-A)
ay2 WL EAZ Ay TR
Stream Function Vorticity ‘pi,_f: 1 - [ c [‘Di-l;l,j + wi—l,j] +
2[-S_+_1 ay2
AxZ Ay
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‘Table 1 (continued)

[—A-Li [Vij+1* ll’i,j_ﬂr— @i j 1 (6-A)
y
, ¥ij—2 = 8% j-1 7 8V j+1 — Vi j+2 ,
‘Velocity U= (7-A)
124y
W oA S - 1 A N A
S lpl—.zﬂ + 8¢ 1—1’.] 8y 1+1’J wl‘l‘z,] 7(8.A
~) 12Ax
’ =P +-1 c— 2w stus g ] t— Ax [u
Pressure Pi,j =P 1t [ui+1,_] —2u5 5t g cAy2 i,j+1~
u; Ax . v; (9-A)

i j
2u; +ug 5 ] - ———C-— (i1, 1,50 — by (95,41 — 93, j-1 ]

 Equation Case B
- Ax,—Ax Vi s 2 2 2¢ —u; ; Axq -
Vommy [u1 ; 2 1 + 1] + c + 5 ] “’i,j _ ij="1 ]
AXIAXZ Ay AxlAXZ Ay .’_\XZAX]_Z
] 2C+ui’ij2 ) 1 Vi,j o !
Wity it —————]wj_ g [+ 1 @ -1 +[—5lwjj+1 (5B)
I s ay?  AY Ay
Stream Function-Vorticity ¢; §= 1 - 2c R i+1, j+
’ 2[ C + 1 é AXZ.AXIZ
2AX1AX2 AY
c 1
— Vi ie1 Y5 o] - @i ;11(6B)
Ax1Axq 5 Vit ay2 5,51 ¥ ¥, j-11 = @i
Velocity ui,j same as (7—A)
Ax - . Ax Ax, —Ax i
= 2 1 2 1
Vit T Vi1, e Vit Vi, § (8-B)
I Axg.6xqy I Axy.Axq, ] axqax, ]
Ax 2c 2c ,
Pr P..=P. , .41 Uiag am e w. s
essure Ly~ -1, 7 ¢ [ Axy.Axq Ui, j AxqAx, Uit
,2c . . 7ui,j+1 — 2ui,j+ui, J_ 1 . [ 7AX2
ey B L werwmet
AX]_ . Ax12 J Ay2 J ‘sz . Ax12
Axo—A Ax U i+1 7Y, -1
ui+1’j + _Xz xl_ . ui’j — ——2-— . ui_l’j] — Vi, [ J J ] ]
Axq. Ax, Axq . Axqy 2Ay (9-B)
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“Table 2. Boundary conditions in finite difference form

(i) For vorticity equation
Solid Surfaces @i]
ft verti X =€ 1 4+ -1 .+ .
Lett ve ical ‘*’ml,J sz [“’ml—l,_] 2 wml—-Z,_]] Ayz [""ml,J+1 wml,_]—l]
Horizontal Xw; s =_C [wit1 it wi1 -]+_1_ [w;i: _1 .. ]
i, Ax2 N R 175 ¥ij-2
[i=EN+1, n]
H 3 .= < . — .1_ . +———1 : + :
Right vertical meZ’J 2 [“’m2+1,_] 2 wm2+2,J] Ay2 [wm2,1+1 wmz,J—I]
Point
= 1
A Yo N+1 = Ac 5 [©m—1,N01 — 5 Omy2, N1 ¥
X
| ]
Ayz “’ml,N 2 wml,N—l
= 1
B Y“’mZ,N+1 - Aiz [wm2+1, N+1 7~ 7" ‘*’m2+2, N+11 *
I RN 1) |
Ayz m2,N 5 mp, N-1
2c 1 2c
C,D,EF ( + Jwi N#1 T @i+ N1
AXl . AXz 2Ay2 AXZAX12
2c 1 1
A Axen wj_1,N+1 F 5 lwi N~ Y @i, N—1]
xq-8%99 Ay
[ i= k].’ k2, 11, 12]
where X = 2¢ +—}—2 : Y=..1__[ C2+___1_2_
Ax? 2Ay 2 Ax Ay
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(i) For velocity equations

u

N
21[/ 1,J+1+3\ll I,J—6lp 19_] -1t '1’1,1—-2 7 2y 1’J+ 3y 2’J — 6y 3’_] + J/4,J
Nand n—1 - 2 -
—Vi4+ 6V 330029 2V M+, MOV M-,V M2
,2 M
6Ay 6AX o
1 | Tt 82— Y3 Ymy-35* ¥my 27 W m -1 W my j
- jmyq -1
A
6Ay 6AXB
Vmg+3, 6V myt2, 3 myt1,§* W m,
m2+1
6AX.B
(iii) For pressure equation
‘Boundary 7Pi,j

Horizontal solid surfaces

UMH,j

. AXx - - .
P. 4:+——[u;: »—2u: 4] ;j=N+i,n
i—1,j oy [ ;-2 ij—11 3]

Left vertical solid surface ’Pml j*1 - ii—z [ vml—z,j— 2Vm1-—1,j ]
: 7 cAy .

Right vertical solid surface sz,j—1+ oz [V 22§~ v, 2+1,j]
‘Center line 7Pi,2 - _Aly_[vi’3 - 2Vi,27]

‘Entrance 0

“Exit

, ) 7
P [20Mr i~ Sum v Mzl =

[um+1,jr— uM’j] +

UM+,j-1 ]

- Ax
cAy2
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'NOMENCLATURE

a*/b*

“channel width, m

equal to unity (=b* / b*)
constriction width, m

(b* / L*)?

hydraulic diameter, =2b*, m
Fanning friction factor
conversion factor

integer, for x-direction posi-
tion in the space grid
integer, for y-direction posi-
tion in the space grid, or
heat transfer factor

‘integer

contraction coefficient
expansion coefficient
equal to unity (= L* / L*)
constriction length, m
integer

L}/ L*

distance from channel en-

‘trance to constriction en-

‘trance, m

L3/L*

distance from constriction
exit to channel exit, m
integer

Prg (b*)2/ (v2p) -

static pressure, N/ m?

AP*g (b%)2/(v%p)

pressure drop, N/m?

Reynolds number
*

E 3
=Dpu onstriction / ¥
remainder terms of the first-
and second-order derivative,
approximations, respectively

velocity component in x-

7Journa| of Engineering, Islamic Republic of iran

oy

direction, = ——

ay

u average velocity in channel,

—a* (b*)2 / (vL¥)

wr* average velocity in constric-
constriction
tion, m/s
SV bulk velocity inside flow
passage, m/s
v velocity component in y-
direction, = — 9y
X x* [ L* ox
x* distance measured from
channel entrance in flow
direction
Ax grid size in x-direction and
in the region where grid
size does not change
Axq, Axy grid sizes at upstream and
downstream of nodal point,
respectively
Axq, defined as Axq + Ax,
Ax p, Axp larger and smaller grid sizes
in x-direction, respectively
7}’ Y* / b*
y* distance measured from
channel center, m
Ay grid size in y-direction
v kinematic viscosity, m2/s
) fluid density, kg/m3
v stream function
W Vorticity = C . a—2‘”—- + ﬂ—
Subscripts 0% 2 Zy'
c ‘contraction
e ‘expansion
i, denotes position in the space
grid
‘Superscripts
*

‘quantity with dimension
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