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Abstract-It is well established that the inclination angle between plate corrugations and the overall flow 
direction is a major parameter in the thermohydraulic performance ofplate heat exchangers. Application ofan 
improved flow visualization technique has demonstrated that at angles up to about 80” the fluid flows mainly 
along the furrows on each plate. A secondary, swirling motion is imposed on the flow along a furrow when its 
path is crossed by streams flowing along furrows on the opposite wall. Through the use of the electrochemical 
mass transfer analogue, it is proved that this secondary motion determines the transfer process; as a 
consequence of this motion the transfer is fairly uniformly distributed across the width of the plates. The 
observed maximum transfer rate at an angle of about 80” is explained from the observed flow patterns. At 
higher angles the flow pattern becomes less effective for transfer ; in particular at 90” marked flow separation is 

observed. 

1. INTRODUCTION 

THE CONVENTIONAL plate heat exchanger consists of a 
stack of corrugated metal plates clamped together in a 
frame. Each plate has four corner ports which, in pairs, 

provide access to the flow passages on either side of the 
plate. Sealing is accomplished with elastomeric gaskets 
so arranged that the two streams exchanging heat pass 

through alternate flow passages. 

The embossed patterns provide a substantially larger 
surface area than flat plates, improve plate rigidity and 

provide a mechanical means of maintaining the 
channel gap. The corrugation geometry determines, to 

a great extent, the thermohydraulic performance of the 
exchanger. However, the information available on this 
aspect is mostly proprietory. 

The corrugated patterns in general use are ofchevron 

(herringbone) design; the labels are descriptive of the 
way in which the corrugations are arranged. Successive 

plates are assembled with the chevron patterns 
pointing in opposite directions, thereby producing a 
complex three-dimensional flow passage of almost 
constant cross-sectional flow area. 

Previous investigations have shown that the angle at 

which the corrugations are placed relative to the main 
flow direction, is a major parameter influencing 

performance. However, these studies have either been 
limited to the effect of heat transfer [1,2], have 
considered only a limited range of angles [3], or have 
given little information on the local flow patterns and 
their effect on transfer. Since both pressure drop and 
heat transfer are important design parameters, a more 
comprehensive study was called for. 

*Now at Dept. of Materials Science and Engineering, MIT, 
Cambridge, MA 02138, U.S.A. 

The present investigation is limited to the effect of the 
corrugation inclination angle, /I, on the heat transfer 

and pressure drop when the plates are corrugated 
sinusoidally. Experimental transfer data were obtained 

using an electrochemical mass transfer analogue. An 
attempt is made to explain the dependence on /I of the 

observed transfer and pressure drop, in terms of 
observed flow patterns. 

2. EXPERIMENTAL 

2.1. Technique 
The diffusion-limited current technique (DLCT) 

[4,5] was used to evaluate heat transfer rates by 
analogy. The method is suitable for simulating constant 

wall-temperature heat transfer at high Prandtl 
numbers. 

The theory of the DLCT is based on a diffusion- 

controlled reaction of an ion at the electrode- 
electrolyte interface. The solution conductivity is 
increased to the point where ionic migration of the 

reacting species becomes negligible, by adding large 
amounts of an ‘inert’ electrolyte. Limiting current 
conditions are indicated by a plateau region on a 

current-potential scan. Under these conditions, the 
surface concentration of the reacting species may be 
assumed to be zero and the mass transfer coefficient is 
then evaluated from 

k = I,/(zFCA,). (1) 

The ferricyanide/ferrocyanide redox couple was 
chosen as the electrochemical system with potassium 
cabonate as the inert carrier electrolyte. The Stokes- 
Einstein ratio for this system [6] is : 

Dq/T = 2.29 x lo-i5 kg me2 se2 K-l. (2) 

1469 
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NOMENCLATURE 

A cross-sectional free flow area [m’] P, AP pressure, pressure drop [Pa] 

‘%I developed surface area for heat transfer 4 flow rate [m” s-l] 

Cm21 Re Reynolds number, ud,Jv 

A, electrode area [m”] s average velocity gradient at wall [s”‘] 

A* projected surface area for heat transfer SC Schmidt number, v/D 

Cm*1 Sh Sherwood number, kd,/D 
B constant, equation (A 18) T temperature [K] 
& concentration [mol mm31 2.i local fluid velocity [m s-r] 
c constant, equation (A2) U average fluid velocity [m s- ‘1 
D diffusion coefficient [m’ s-t] W plate width [m] 

d, equivalent diameter : twice average plate -u,Y Cartesian coordinates Em] 
spacing [m] z charge number. 

dr, hydraulic diameter : four times 
volume/Ai, [m] 

r 

Faraday constant [C/eqv] 
Greek symbols 

friction factor (2A.Pd,/pu2L) B corrugation inclination angle to main 

1, limiting current [A] 
flow direction [rad] 

j Colburnj-factor, Sh/(Re Sc1j2) rl dynamic viscosity [Pa s] 

K geometric constant, equation (Al) 
V kinematic viscosity. [m2 s-‘1 

k mass transfer coefficient [m s- ‘1 
L length [m] Subscripts 
n number of subchanneIs across channel c su~hannel 

width 192 index subscripts referring to smaller and 

P corrugation pitch [m] larger electrode segments, respectively. 

This equation allows the estimation of the diffusion 
coefficient from viscosity measurements. 

2.2. Apparatus 
The experimental set-up is shown schematically in 

Fig. 1. The most important part was an acrylic cell with 
a test section into which test plates were fitted (see Fig. 
2). The cell formed a rectangular channel with a low 
aspect ratio, having a width of 100 mm and a height of 
10 mm. Wire mesh screens were used at the inlet to 
break up flow vortices. A converging section improved 
the velocity profile and reduced the turbulent intensity, 
while the inlet length of 600 mm allowed final flow 
development. 

To simulate a single compartment in a plate heat 

CENTRIFUGAL 
IWMP 

FIG. 1. Experimental set-up. 

exchanger the test plate surfaces were machined in the 
form of sinusoidal corrugations, of wave-length 10 mm 
and amplitude 2.5 mm, running the full width of the 
plate. Test plates were fitted into the test section with 
the corrugations abutting at an angle of 28. The test 
plates were 100 mm wide and 440 mm long. The ends 
were chamfered to smooth the transition from the 
rectangular duct to the flow passage of the plate heat 
exchanger. 

The test plates contained embedded nickel-plated 
brass electrodes. The cathode plates were divided into 
three electrode segments each 112 mm long, and the 
anode plates were continuous with their ridges 
constructed from an epoxy resin to prevent electrical 
contact between the electrodes. The use of opposing 
electrodes was essential to ensure limiting current 
conditions over the total length of the cathodes. 

Plates with corrugation inclination angles of /3 = O”, 
30”, 4.S”, 60”, 72”, 80”, and 90” relative to the main flow 
direction were tested. The angles, /3 = 72” and 80”, were 
chosen on the basis of the study by Rosenblad and 
Kullendorff [ 11, which indicated local extrema in the 
heat transfer for these angles. The resulting channels 
varied from a set of ten separate channels (sine-ducts) in 
parallel (fi = 0”) to a single undulating channel of 
constant rectangular cross-section (/I = 90’). In the 
latter case the corrugations of the two plates were in 
phase and therefore did not abut (see Fig. 7); the plate 
spacing was kept the same as in the other 
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SIDE VIEW 

FIG. 2. Test cell. 

CUT A-A’ 

configurations. Intermediate angles resulted in three- 
dimensional multiply-connected Sow passages. 

Flow rates were measured with a set of rotameters, 
and temperature to +O.l”C with precision mercury 
thermometers. Limiting currents were measured using 
a constant voltage supply and a digital multimeter. 

Pressure drop was measured with a Gould DR3000 
series differential pressure transmitter using distilled 
water as the medium. Pressure taps were located 100 
mm upstream and 300 mm downstream of the test 
section. Corrections were made for the additional 
flowpath length and for entrance and exit losses. The 
corrections were based on measurements with a 
rectangular channel (flat plates with the same chamfer 
angle) of similar cross-sectional free flow area (0.5 
x 10m3 m2). The corrections ranged from a maximum 

of N 12% and -4% for 30” and 45” plates, to less than 
1% of total pressure drop for the other plates. 

In the case of 0” plates, no correction was necessary 
since pressure taps were located on the test plate : in the 
trough of a furrow and in the centre of the plate as well 
as 100 mm downstream. No measurements could be 
obtained in the laminar flow regime as the pressure 
drop signal was too small. 

2.3. Procedure 
Before the experiments the electrodes were cleaned 

by polishing them with optical-grade abrasive powder 
and washing them with carbon tetrachloride. The 
electrodes were then activated cathodically by 
hydrogen evolution at a current density of 200 A mm2 
for 20 min in a solution containing potassium 
carbonate only. 

The electrolyte solutions contained approximately 
1.5 M K&O3 and 0.001-0.003 M potassium 
ferricyanide; ferrocyanide concentrations three times 
in excess of the ferricyanide ensured that the cathodic 
reaction was rate-limiting. Fresh solutions were made 

up daily and the ferricyanide concentration checked by 
iodometric titration with thiosulphate. Solution 
densities and viscosities were determined with 
pycnometers and an Ub~lohde viscometer, 
respectively. 

Nitrogen was bubbled continuously through the 
reservoir tank to remove any dissolved oxygen. The 
experiments were performed in a dark-room to prevent 
the light-catalysed decomposition of ferricyanide. 

Voltage scans were made before each set of runs to 
determine the extent of the limiting current plateau. A 
potential in the midrange of the current plateaus was 
then applied to all the experiments in the particular run. 

3. RESULTS AND DISCUSSION 

The characteristic length dimension (equivalent 
diameter) was defined as the maximum passage gap. 
The concept of a hydraulic diameter is applicable only 
for estimating transfer for the two-dimensional sine duct, 
from transfer analogies. Table 1 gives characteristic 
dimensions of the plate patterns chosen. 

The experimental results are presented in Figs. 3-6 in 
the form of friction factors or Colburn j-factor vs 
Reynolds number. Empirical correlations (for /? > O”) 
obtained by least-squares methods are given in Tables 2 
and 3. Standard deviations from the experimental data 
were less than 5 and 7% for the Colbum j-factor and 
friction factor, respectively. The (heat) transfer data are 
based on the projected rather than the developed 
transfer surface area. Transfer data were obtained from 
measurements done with the central cathode only. 

3.2. Parallel corrugations (/I = 0) : sine ducts 
Fully developed laminar flow through a sine duct can 

be analysed mathematically. The friction factor is 
obtained by solving Poisson’s equation (Appendix A). 
Then, using Leveque’s approximation, the entrance 
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Table 1. Characteristic dimensions 

Amplitude 
Sinusoidal corrugation Pitch 

Equivalent diameter 
Plate heat exchanger Electrode length 

flow passages Cross-sectional free flow area 
O<B<90 Projected transfer area 

Ratio of developed to projected area 

Sine ducts 
/?=o 

Cross-sectional area, each 
Circumference, each 
Hydraulic diameter 
Number of ducts in parallel 

2.50 x 1O-3 m 
0.010 m 

0.010 m 
0.112 m 

0.50 x 10-j mz 
0.0112 mz 

I.464 

50 x lo+ m2 
0.02927 m 

6.83 x 10e3 m 
10 

region heat transfer is estimated (Appendix B). The asymptotic form of the conventional transfer analogy 

resulting equation is converted to the plate heat (Appendix D). The resulting equation (17) is also 

exchanger conventions (Appendix C). This correlation plotted in Fig. 4(a). The experimental results fall 

[equation (1611 has been plotted in Fig. 4(a) for an approx. 4”/, below this semi-theoretical correlation. 

entrance length of 0.112 m, which corresponds to the 
electrode length. The experimental data fall slightly 3.2. E&zct of corrugation ~n~~~~~t~o~ angle 

below the theoretical curve but show a similar trend. The effect of the corrugation inclination angle to the 
For high Prandtl (Schmidt) numbers, the turbulent main Bow direction, 8, on the~ohydrauIic perfor- 

transfer rate is estimated from the friction factor and the mance is highlighted in Figs. 5 and 6. The main features 
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P/ L-4 
FIG. 5. The effect of the corrugation inclination angle on 

pressure drop at constant Reynolds number. 

ofthe curves (obtained in the present study) for pressure 
drop and transfer at constant Reynolds number are : 

-increase with /I at an increasing rate up to /3 N 60”, 
-increase at a decreasing rate for /I u 60” to /I N 80”, 
-maximum at fl z 80”, 
-local minimum at B = 90”. 

Symmetry considerations require that the deriva- 
tives of thej-factor and friction factor with respect to /J 
should be zero [l] for /I = 0” and fi = 90”. 

The present findings for heat (mass) transfer are at 
variance with those of Rosenblad and Kullendorff [ l] ; 
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FIG. 6. The effect of the corrugation inclination angle on heat 
(mass) transfer at constant Reynolds number. 

one of their experimental curves is also shown in Fig. 6. 
These investigators observed a local maximum at p 
N 72”, a local minimum at fi ‘v 80” and an overall 
maximum at /? = 90”. They also used sine-wave 
patterns with a pitch of 10 mm, but in their case the 
amplitude was 1.6 mm instead of 2.5 mm. This may 
account for the discrepancy for angles B > 60”. 
Alternatively, the corrugations on their plates could 
have been out ofphase with each other for /?close to 90”. 

3.3. Flow patterns 

The flow patterns observed in plates with /I = 45”, 
80”, and 90” during an independent flow visualization 
study [7] are shown schematically in Fig. 7. The most 
important findings were : 

/I = 90”. When the plates are assembled with the 
corrugations perpendicular to the flow direction, flow 
separation occurs at a Reynolds number of approx. 20. 

Table 2. Friction factor correlations 

Corrugation 
angle, B 
(degrees) Re-Range f-Correlation 

0 Laminar (theory*) 114.4/Re (3) 
8OCNkRe<56000 0.552 Re-0.263 (4) 

30 26OcRec3000 0.37 + 230fRe (5) 
3000<Re<50000 3.59 Re-“,263 (6) 

45 150 < Re < 1800 1.21+ 367/Re (7) 
1800 c Re c 30000 5.84 Re-“,“’ (8) 

60 90cRec400 5.03 + 755/Re (9) 
400 c Re i 16000 26 8 Re-0.209 (10) 

72 llO<Re<500 19:0+ 764JRe 
5OOiRe<12000 132 Re-0,296 I:;; 

80 130 < Re -z 3700 140 Re-0~28 (13) 
90 2OO<Re<3000 5.63 + 1280fRe (14) 

3C!QOcRe<16000 63.8 Re-0~28g (15) 

* This correlation was obtained by combining equations (Al) and (A3) and 
equation (A16). 
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Table 3. Colburn j-factor correlations 

Corrugation 
angle, B 
(degrees) Re-Range j-Correlation 

0 35 < Re < 800 
7OOC<Rei35000 

30 120 < Re < 1000 
lOOO<Re<42000 

45 45 < Re < 300 
3OO<Re<2000 

2OOOiRe<20000 
60 20<Re< 150 

150 < Re < 600 
6OO<Re<16000 

72 2OOcRec4000 
80 27 < Re < 500 

SOOiRe<2800 
90 3OO<Re<14000 

2.53(d,/L)“3Re- 
0.021 Rem’.132 
0.77 Re-0,46 
0.44 Re-0,36 
1.67 Re-0.56 
0.405 Re-0.30 
0.84 Re-0.40 
1.89 Re-0.54 
0.57 Re-0.30 
1.12 Re-0.40 
1.45 Re-0.42 
1.05 Re-0.“6 
1.98 Re-0,46 
0.98 Re-0,37 

-213 (16) 
(17) 

theory* 

(18) 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 
(27) 
(28) 
(29) 

*Equations (16) and (17) are the same as equations (AS) and (A21), 
respectively. 

With increasing Reynolds number the separated 
regions grow in size until they fill the major part of the 
furrows. At Re N 200 the free shear layers become 
unstable and at higher Reynolds numbers the main flow 
becomes turbulent. 

/I = 45”. The fluid flows predominantly along the 
furrows, i.e. between the corrugations on each of the 
plates. On reaching the plate edge the fluid streams are 
‘reflected’ and return to the opposite plate edge along 
the furrows on the opposite side. 

Flow patterns similar to those of fi = 45” are 
expected for any p in the range up to about 60” (72”?). 
The essential feature of the flow for these angles is the 
two sets of criss-crossing streams which induce 
secondary swirling motions in the flow along the 
furrows. The driving force that produces swirl in a 

furrow is the velocity component of the fluid moving 
along the opposite furrows in adirection perpendicular 
to the furrow. It is therefore proportional to : 

ii, sin (2/I) = 215, sin /l cos fi (30) 

and is at a maximum when a = 45”. For angles below 
fi = 45”, the interaction between the fluid streams is 
positive, i.e. each of the crossing streams has a velocity 
component in the same direction as the stream it 
crosses. For /3 > 45”, the interaction is negative in the 
sense that crossing streams have a retarding effect on 
each other owing to their velocity components being in 
opposite directions. We speculate that this retarding 
effect, which increases with 8, eventually leads to the 
change in flow pattern observed for /I = 80”. 

/I = 80”. The fluid still flows mainly along the furrows 

P= 80” p = 45’ 

Full and broken lines 
indicate flow along 
furrows above and below 
plane of paper respectively 

FIG. 7. Bulk flow patterns in plate heat exchanger geometries. 
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but ‘reflection’ occurs between plate contact points (see 
Fig. 7). The flow forms zig-zag patterns in parallel. 

The complex interactions between fluid streams lead 
to early transition to turbulence. The basic flow 

structures appear to persist even in turbulent flow. 

3.4. Interpretation of transfer data in terms of flow 
patterns 

/I = 90”. Heat (mass) transfer at Reynolds numbers 
below 300 is relatively low since the laminar free shear 
layers of the separated regions are an additional 
resistance. Transfer across turbulent-free shear layers 
is, however, usually very effective owing to the absence 

of a restraining effect such as a solid wall. The 
additional resistance is therefore effectively removed 
when the free shear layers become turbulent and there is 

a sudden increase in heat (mass) transfer [see Fig. 4(b)]. 
A similar sharp increase in the friction factor is 

observed at Re _ 200. 
The friction factor plot suggests that fully turbulent 

flow is established only at Re - 30OO(see Fig. 3), but for 
heat (mass) transfer effectively turbulent conditions 

prevail above Re - 300. 
Intermediate angles. It is demonstrated in Appendix 

E that the secondary swirling motions induced by the 
streams criss-crossing along the furrows are the main 

determinant in heat (mass) transfer. At constant plate 

Reynolds number the velocity of the flow along a 
furrow is proportional to l/cos /I (Appendix C). The 
effective driving force that produces swirl at constant 

plate Reynolds number is therefore proportional to 
sin fi for 30 < p < 72 [see equation (30)]. The transfer 

curve at constant plate Reynolds number then flattens 
above b = 60” in accordance with the attenuation of 
the driving force, as shown in the experimental results in 

Fig. 6. 
An important implication of the transfer being 

determined by the secondary motions is that plate 
width is of minor importance for average heat transfer 
coefficients. This means that zig-zag corrugated 
patterns (multiple chevrons in parallel) are not expected 
to produce significant increases in heat transfer 
coefficients compared with plates having corrugations 
funning their full width. The former could, however, 
lead to higher pressure drops owing to the increased 

number of turns the flow has to make. 

4. CONCLUSIONS 

The corrugation inclination angle, 8, is a major 
parameter influencing the performance of plate heat 
exchangers: this is because a change in /i affects the 
basic flow structure which is the primary factor 
influencing pressure drop and heat transfer. Increasing 
fi (at constant Reynolds number) from 0” to 80” leads to 
pressure drop increases of over 2+ orders of magnitude, 
although heat transfer increases by a factor of only 4- 
10. The flow patterns found for various values of b are : 

b = 0”. Two-dimensional channel flow for which 

transfer rates can be estimated from pressure drop data 
using conventional transfer analogies. 

30 5 /j 5 60 ‘. Sets ofcriss-crossing streams flowing 
along the furrows on either side of the flow passage 
inducing secondary swirling motions ; these determine 

the heat transfer enhancement process. 
fi = 80”. Flow consisting of parallel zig-zag patterns ; 

pressure drop and heat transfer are about at their 
maximum but only marginally higher than for fl = 72”. 

/I = 90”. Separated flow regions causing heat transfer 
and pressure drop to be considerably lower and of 
approximately the same magnitude as for p = 60”. 

Experimental results obtained for plates with 
p = 45” indicate that transfer rates are almost uniform 

across the plate width. Pitch-averaged transfer rates are 
also independent of plate length. 
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APPENDIX A: FRICTION FACTOR FOR 
FULLY-DEVELOPED LAMINAR FLOW 

IN A SINE DUCT. 

The friction factor for fully-developed laminarflow in a two- 
dimensional duct is best evaluated from the geometric 
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FIG. Al. Finite elements used for sine duct 

constant 

K =fRe 

= -2cd;/ti, (AlI 

obtained by solving Poisson’s equation 

= c (constant). (A2) 

From symmetry considerations, it is sufficient to calculate 
the average flux through one quarter of the sine duct. The 
curved perimeter was broken into short straight-line segments 
and the internal region divided into 57 triangular finite 
elements, as shown in Fig. Al. Equation A2 was then solved 
numerically (with c = - 1) using quadratic base functions 
with theaidofafiniteelementprogram[lXJandtheintegralofu 
evaluated numerically. From this a value for the geometric 
constant K was obtained : 

K = 53.3934. (A3) 

As a check on the method, the same procedure was applied 
to the half-sine duct : a sine wave section bounded from below 
by a flat surface. The only change made to the computer 
program was to replace the Neumann boundary condition 
(au/dy = 0) on the bottom boundary by a Dirichlet condition 
(u = 0). This case was previously analysed by Shah [9] and the 
geometric factor of K = 44.875 evaluated here agreed to 
within 0.1% with the value quoted by Shah [9]. 

APPENDIX 6: ENTRANCE REGION HEAT (MASS) 
TRANSFER IN LAMINAR FLOW IN A SINE DUCT 

The asymptotic LCvBque model [lo] assumes a linear 
velocity profile inside the concentration boundary layer 

k = 0.8075 (D2S/L)1’2. (A4) 

Although derived for planar flow with a constant wall 
velocity gradient, the model can be applied to the present duct 
geometry provided the temperature (concentration) 
boundary-layer thickness is very small compared with the 
radius ofwall curvature. This will be the case for short transfer 
lengths and high Prandtl (Schmidt) numbers. 

Expressing the average wall velocity gradient (S) in terms of 
the geometric constant K 

S = (K Re/8) (v/d:) (A5) 

gives, on substitution into equation (A4) and after some 
rearrangement 

Sh, = 0.40375(K Re,Scd~L)“‘. 646) 

Thisequationcan berewrittenin termsofaColburnj-factor 
for the corresponding plate heat exchanger flow passage (see 
Appendix C) 

j = 0.40375(AJA,)(Kd,/d,)“’ Re-2’3(d,/L)1’2. 

647) 

Inserting the numerical values for the dimensions of the sine 
duct and the plate heat exchanger channel gives 

j = 2.53(d,/L)“’ Re-2’3. (A8) 

APPENDIX C: RELATIONSHIP BETWEEN PLATE 
AND SUBCHANNEL QUANTITIES 

Consider the subchannels (furrows) on one side of the flow 
channel. The number of subchannels extending over the width 
of the flow passage is approx. 

n = (Wcos jI)/p. (A9) 

We assume that fluid always flows parallel to the furrows. 
The volumetric Row rate along each subchannel is 

4. = q/2n 

= (qpY(2W cos 8). NO) 

The cross-sectional free flow area for the plate heat 
exchanger passage is 

A = Wd,/2 (All) 

and for a subchannel it is 

A, = pd,/4. (‘412) 

The superficial velocity in each subchannel is therefore 

u, = &A, 

= 2q/(Wd, cos /I). b413) 

The relationship between subchannel and plate Reynolds 
number follows from equations (Al 1) and (A13) 

Re, = [d,,/(dC cos /?)I Re, (.414) 

The average channel Sherwood number can also be 
expressed in terms of the plate Sherwood number 

Sh, = (&‘d,) (4,/A&&,. (A15) 

The above results apply to the case /I = 0 even when the 
subchannel is taken to be the sine duct instead of a furrow (one- 
half of the sine duct). For this special case we also require 
relationships between the plate and channel/duct friction 
factors and Colburn j-factors. These are given by 

f, = (dJdJzf (Al6) 

j, = (Ud&. (A17) 

APPENDIX D: ESTIMATING TURBULENT HEAT 
(MASS) TRANSFER FROM FRICTION FACTOR 

DATA FOR THE SINE DUCT 

The asymptotic form, at high Prandtl (Schmidt) numbers, of 
the conventional transfer analogy [ 111 is 

j-D& (Alfo 
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FIG. A2. Transfer to a segmented electrode with and without a partition between test plates with b = 45”. 

For heat transfer in tubes at high Prandtl numbers 
Churchill [12] proposed 

j = 0.0157 Re-0~‘25. (Al9) 

This equation is in good agreement with the results obtained 
by other investigators [12, 131. By substituting the Blasius 
friction factor correlation for tubes 

f = 0.3164 Re-‘.“. 6420) 

into equation (A18), a value for B = 0.0279 is deduced from 
equation (A19). 

Assuming now that equation (A18), with B = 0.0279, is also 
valid for channels other than those of circular cross-section, 
one obtains for the sine duct (on inserting the experimental 
friction factor correlation) 

j = 0.021 Re-0.132 6421) 

APPENDIX E: THE FEATURE OF THE FLOW THAT 
DETERMINES HEAT (MASS) TRANSFER 

ENHANCEMENT 

Flow visualization studies [7] on plates with /I = 45” have 
shown that: 

--the fluid flows along the furrows on either side of the 
passage, from edge to edge ; and 

-the two sets of criss-crossing fluid streams induce secondary 
swirling motions in the flow along the furrows, 

It is of interest to determine which, if either, of these two 
main features of the flow determines the heat transfer 
enhancement process. For flow along a short path length, 
entrance region conditions are expected because the boundary 
layers are still developing. In this case, higher transfer rates are 
expected in the upstream parts of the furrows. However, a 
swirling motion of sufficient strength could lead to a more 
uniform transfer rate across the plate width. 

Additional experiments were done with plates (/? = 45”) 
containing a segmented graphite cathode. The cathode shape 
was a parallelogram. It extended over the width of the plate 
with the electrode edges running parallel to the corrugation 
crests. It covered three adjacent furrows from crest to crest. A 
gap of 1 mm running parallel to the cell axis divided the 

electrode into two parts covering f and f of the electrode area 
respectively. 

Overall heat (mass) transfer rates measured with the 
combined electrodes were in agreement with the results 
obtained for nickel-plated brass electrodes presented in the 
main text. This result suggests that pitch-averaged heat 
transfer coefficients are uniform across the plate length. 

The results obtained when the smaller electrode segment 
was placed on the upstream side are presented in Fig. A2 as the 
ratio of smaller-segment current to total current. No 
significant variation of this ratio with Reynolds number is 
observed. Since the current ratios are slightly above the value 
of f (which would indicate an even current distribution), a 
small edge effect is indeed present. 

The unsymmetrical partitioning of the electrode allows 
measurements to be made with two different geometric 
arrangements, i.e. smaller electrode segment downstream or 
upstream. With data for these two arrangements it is possible 
to estimate the magnitude of the edge effects at both edges, 
provided that it can be assumed that these edge effects are 
limited to a distance that is shorter than the length of the 
smaller segment. Based on this assumption, the incremental 
contributions of upstream and downstream edge effects are 5 
and 2%, respectively at Re - 2000. These low values suggest 
that the secondary swirling motion is the main determinant in 
the heat transfer enhancement process. The small deviations 
may well represent the effect of the turning of the flow at the 
edges. 

As a further check, the experiments were repeated under 
conditions in which the interaction between the two sets of 
fluid streams was effectively eliminated. This was achieved by 
inserting a rigid celluloid sheet -0.1 mm thick and 70 mm 
wide between the test plates. This left 15 mm open on each side 
of the passage to allow the fluid streams to turn. Current ratios 
measured for this case are also shown in Fig. A2 and a marked 
increase in the upstream edge (or entrance) effect is indicated. 
The smaller electrode segment registered roughly the same 
current as the downstream segment which had twice the area. 
Estimated positive edge effects for Re - 2000 are 29 and lo%, 
respectively for the upstream and downstream parts. In 
addition, overall transfer decreased to 65% of the value for 
plates without a partition. These observations confirm the 
dominant role of the secondary motion resulting from fluid 
stream interactions. 
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L’EFFET DE L’ANGLE D’INCLINAISON DES CORRUGATIONS SUR LA PERFORMANCE 
THERMODYNAMANIQUE D’ECHANGEURS DE CHALEUR A PLAQUES 

RCsumC-L’angle d’inclinaison entre les corrugations et la direction g&&ale de l’tcoulement represente un 
parametre important dans la performance thermodynamique d’un 6changeur de chaleur a plaques. 
L’application dune technique amelioree pour la visualisation de I’kcoulement a dknontre qu’a des angles 

jusqu’a 80” le liquide coule essentiellement le long des corrugations dans chaque plaque. Un tourbillon 
secondaire est impose sur l’ecoulement le long dune corrugation par I’interaction avec des ecoulements le long 

de la paroi opposee. L’application de l’analogie Clectrochimique du transfert de matiere prouve que ce 

tourbillon secondaire determine le processusde transfert ; commeconstquence de ce mouvement il rtsulte une 

distribution assez bquilibree du transfert sur la largeur des plaques. Le maximum de la vitesse de transfert 

observe a un angle d’environ 80” est expliqd a base du profil de l’bcoulement. A des angles plus eleves le profil 
de l’ecoulement devient moins efficace pour le transfert; en particulier a un angle de 90” il rtsulte une nette 

separation de l’koulement. 

EINFLUSS DER PLATTENWELLENNEIGUNGSWINKEL AUF DIE THERMODINAMISCHEN 
LEISTUNG EINES PLATTENWARME-AUSTAUSCHERS 

Zusammenfaasung-Der Neigungswinkel zwischen Plattenwellen und der allgemeinen Fliessrichtung ist ein 
wichtiger Parameter in der thermodynamischen Leistungeines Plattenwamre-austauschers. Die Anwendung 
einer verbesserten Technik der Sichtbarmachung der Fliessbewegung hat bewiesen, dass bei Winkeln bis 80 
die Fliissigkeit griisstenteils l&rings der Furchen an jeder Platte fliesst. Die Striimung Iangs einer Furche erfahrt 
eine sekundiire Wirbelbewegung durch die querlaufenden Striimungen liings der entgegengesetzten Wand. 
Die Anwendung der elektrochemischen Masseniibertragungsanalogie liefert den Beweis, dass diese 
sekundlre Wirbelbewegung den Ubertragungsprozess bestimmt ; als Konsequenzdieser Bewegung wird eine 
ziemlich gleichmiissige Verteilung der Ubertragung ilber die Breite der Platte erreicht. Das beobachtete 
Maximum der Ubertragungsgeschwindigkeit bei einem Winkel von ungeftir 80” wird durch das beobachtete 
Fliessprofil erkllrt. Bei hijheren Winkeln wird das Fliessprofil weniger effektiv fiir die Ubertragung; im 

einzelnen erscheint bei 90” eine klar sichtbare Trennung des Flusses. 

BJIMIIHME Yl-JIA HAKJIOHA BbICTYfIA HA l-MJIPABJIHHECKME XAPAKTEPMCTMKM 
l-lJIACTMHHATbIX TEIlJlOO6MEHHMKOB 

AHHOTa4HR-YCTaHOBnCH0, ‘iT0 yrOJt HaKJlOHa MeW3y BbtCTynaMB nJtaCTHH W HanpaBneHneM nOTOKa 

RBJtKeTCa OCHOBHbtM TepMOrnnpaBJuNeCKBM napai,,eTpOM n.“aCTWH’taTbtX TenJI006MeHHWKOB. npHMe- 

HeHHe ycoBeptueHcTaoaaHHoro MeTona Besyanesauea TegeHria noKa3ano. YTO npn yrnax BnnoTb no 80’ 
XGiLlKOCTb JlBnXETCK B OCHOBHOM BLIOJtb BbIeMOK Ha KaWIOii IlJtaCTnHe. BTOpWiHOe 3aKpy’ieHHOe PBII~KC- 

Hne HanaraeTca Ha TeqeHrie Bnonb BbteMKn B TOM cnyqae, Korna HanpaBneHrie nBn3Keukia nepeceKaeTcn 

nOTOKaMA, nBki~ymnMHCa BIlOJtb BbIeMOK “a npOTnBOnO,tOxHOfi CTeHKe. c LTOMOmbK) WteKTpOXnMn- 

qecKoB aHa,Tornn MacconepeHoca noKa3aH0, VT0 3~0 BTopwiHoe nBmKeHne 0npenenneT npouecc nepe- 

Hoca: KaK cnencmtie 3Toro namiremia neperioc noqTri onnoponH0 pacnpenenseTcr nonepeK umpeHbt 

nnacTnH. fIonyqeHHan MaKcriManbHaa cKopocTb TennonepeHoca npe yrnax oKon 80” 06bRCHReTCa 

Ha6JtKUlaeMOfi KapTRHOii 06TeKaHna. ffpn 6onbmex yrJlaX 06TeKaHna CTpyKTypa TeYeHna MeHbme 

B.WiaeT Ha npOueCC nepeHOCa, B ‘IaCTHOCTK, npn 90” Ha6JtWlaeTCa 3aMeTHbIii OTpbtB nOTOKa. 


