Np, = Prandtl number
Ngre = Reynolds number
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A Study of the Effects

of Internal Rib and

Channel Geometry in Rectangular Channels

Part I. Pressure Drop

RALPH A. BUONOPANE and RALPH A. TROUPE

Northeastern University, Boston, Massachusetts

Plexiglas models of rectangular channels were fabricated with various rib shapes to determine
the effects of rib and channel geometry on the pressure drop. Pressure drops in twenty-four
individual variations of channel geometry were investigated using plexiglas models.

From this investigation, an empirical correlation for the pressure drop across the ribbed section
of the channel was determined as a function of the linear fluid velocity and the geometric char-
acteristics of the channels. This empirical correlation involves functions of seven geometric

parameters of rib pattern and channel geometry.

Ribbed section pressure drops for commercial plate heat exchanger channels were predicted
using the geometric characteristics of the commercial plates with the empirical correlations
developed from the plexiglas channel studies. The total pressure drop for commercial channels
was predicted by adding an average entrance and exit pressure drop to the predicted ribbed

section pressure drop.

The correlations developed in this work allow one to determine the pressure drop in a ribbed
rectangular channel from the geometric characteristics of the ribs and the channel in question.

Rectangular channels with internal geometries for tur-
bulence promotion have been used for many years in the
form of plate and frame heat transfer equipment. Little
information has been presented in the literature regarding
pressure drop in such channels. The effects of these inter-
nal geometries which give ribbed channels quite unique
heat transfer characteristics were experimentally investi-
gated. This paper presents the results of these studies in
the form of empirical correlations of pressure drop as func-
tions of the rib and channel geometry.

The literature on plate heat exchangers is quite exten-
sive but mainly confined to reporting the technical aspects
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of particular commercial units. General descriptions of the
history and use of plate heat exchangers are presented
by Troupe, et al. (I) and Seligman and Dummett (2).
For pressure drop in plate heat exchangers, Baranovskii
(8) presents a comprehensive work based on the results
of many investigations. He presents correlations in the
form of Ng, = A'Ng.™V for many types of plate heat
exchanger channels. This type of correlation, however, is
useful only for the particular plate channel for which it
was obtained. Watson, et al. (4) present similar correla-
tions obtained from experimental work with channels
composed of a flat plastic plate and a ribbed metal plate.
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Recent investigations with plastic prototypes of plate
heat exchanger channels indicate that the geometry of the
ribs governs the pressure drop in the flow channels. Smith
and Troupe (5) present data showing the variation in
plate separation for a single rib geometry. Maslov (6)
investigated the effects of rib base angle and plate separa-
tion on the pressure drop in ribbed plastic channels. His
results are presented by the equation:

fs = A-Ng,™V (1)
where
B 1/3
A = 28.8 ( T 2) tan!33g8’ (2)
B 0.189
N = 0.38 (7‘——2) (3)

This correlation, which indicates the effect of rib geom-
etry on the Blasius frictional parameter, fg, is useful only
for triangular shaped close-packed ribbed channels. In
another work with plastic plates, Maslov (7) investigated
the effects of rib spacing or frequency and plate separa-
tion in triangular ribbed channels but applied his results
to evaluate the critical Reynolds number in such channels.
He found that the rib frequency, another aspect of chan-
nel geometry, also affected the pressure drop in a plate
heat exchanger channel. His results, presented by the cor-

relation:
F2 )—2/3
4
~ (4)

(NRe)crit. = 2,900 (

show that the critical Reynolds number in ribbed channels
is always less than 2,900 and in most situations, less than
1,000.

A purely theoretical analysis of flow in channels of the
type in question is virtually impossible because of the
extremely complex flow patterns (5). Pressure losses across
the ribbed section of these channels may be caused by
the numerous expansion and contraction losses, numerous
eddy formations behind the ribs, numerous turns of the
main flow stream due to channel curvatures, and skin
friction losses common to metal surfaces (8). In addition
to pressure losses in the ribbed section of the channel, the
pressure drop over the entire channel must include en-
trance and exit losses which are affected by the size and
shape of the ports and gaskets. In the channels studied
here, entrance and exit of the fluid was at right angles to
the channel flow and in diagonally opposite corners.

In the work presented here experimental studies were
conducted to determine the pressure drop across the ribbed
section of rectangular channels with entrance and exit
conditions similar to those in plate heat exchanger chan-
nels. The effects of rib and channel geometry were studied
by varying the plate separation, rib frequency, rib base
angle, rib shape, and transverse rib angle in twenty-four
plastic plate channels.

EXPERIMENTAL APPARATUS AND PROCEDURE

The plastic plates used in this investigation were constructed
of 3 in. plexiglas sheets, 32 in. long by 9% in. wide. The vari-
ous rib patterns were cemented to mating plates so that a
channel could be formed by inserting a Neoprene rubber gasket
between the plates. Three pressure taps were located at each
end of the ribbed section to enable an average pressure drop
across the ribbed section to be determined. A typical set of
mating plates is shown in Figure 1.

Because of the many possible variations of rib geometry,
several series of experiments, each designed to determine the
effect of a single rib geometry on the pressure drop, were
conducted. The effects of variations of plate separation and
rib frequency were investigated using 45 deg. close-packed

Page 586

AIChE Journal

EXIT PORT PRESSURE TAPS

\\ <1
o ] o
’/*\\ (- ° [-]
o a”’ 1o o o
GASKET _,_I"
OUTLINE e: o . ° ° ° .
o o
° e jo
d ° o
P
<lo ° °
° ° °
e -] o
O, o ° o
° ° °
o7 e ° °
GASKET__,: 3 2 °/|
OUTLINE fol N\ A"k © o Ole
° o ° I3 o\ )’

E TAPS \

ENTRANCE PORT
Fig. 1. Plexiglas channel plates.

PRESSU

2

transverse triangular ribs. Plexiglas plates containing 30 and
60 deg. close-packed transverse triangular ribs were used to
investigate the effect of the rib base angle. Transverse ribs with
semicylindrical, trapezoidal, and square cross-sectional shapes
were investigated because of their common usage in commer-
cial equipment. The frequency of these ribs was chosen so that
as uniform a channel spacing as possible was obtained. To in-
crease the heat transfer area and induce further turbulence,
the side slopes of 45 deg. close-packed transverse triangular
ribs were corrugated in a direction transverse to the flow with
step-by-step corrugations of 0.10 and 0.05 in. Another com-
mon commercial rib shape containing protrusions and depres-
sions was investigated using semispherical shaped protrusions
and depressions. Protrusions are semispherical bumps above
the plate surface while depressions are semispherical holes be-
low the plate surface.

In addition to the types of channels with transverse ribs, the
ribs may be placed at some diagonal to the main flow stream.
Most commercial plate heat exchangers with diagonal ribs have
the ribs arranged in a herringbone pattern. The effects of this
type of channel were investigated using 45 deg. close-packed
triangular ribs arranged in a herringbone pattern with the ribs
at 15, 30, and 45 deg. angles to the transverse. These plates
were assembled in an interlocking manner as before and also
in a noninterlocking manner with the diagonal or herringbone
patterns on each plate crossed.

From the several investigations presented above, the effects
of all aspects of rib and channel geometries on the pressure
drop characteristics of plate heat exchanger channels were
determined.

Basic dimensions of the rib geometries which were fabri-
cated into channels and varied for plate separation and trans-
verse rib angle are presented in Table 1.

For testing purposes, each plastic plate channel was assem-
bled with a gasket and compressed in a specially constructed
steel grid frame to provide a leakproof flow channel and to
provide sufficient support to prevent plate buckling under pres-
sure. The test section was connected to a fluid pumping and
metering apparatus by specially constructed piezometer fittings
at the entrance and exit ports, Water at 70 = 2°F., used as
the test fluid, was metered by several calibrated rotameters
ranging from 0.1 to 40 gal./min. Pressure drops across the test
section were measured by means of a manifold system con-
nected to U-tube manometers with either mercury or carbon
Eetrachloride fluid according to the magnitude of the pressure

rop.
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Fig. 2. Plexiglas channel study flow diagram.
TasLE 1. Basic DIMENSIONs OF RiB GEOMETRY
Rib Dimensions
Frequency  Area
Height in. Base in. in. sq. in.
45 deg. triangular 0.375 0.750 0.750 0.141
45 deg. triangular 0.375 0.750 1.500 0.141
45 deg. triangular 0.375 0.750 2.250 0.141
30 deg. triangular 0.216 0.750 0.750 0.081
60 deg. triangular 0.650 0.750 0.750 0.244
60 deg. trapezoidal 0.359 0.813 1.437 0.225
semicylindrical 0.375 0.750 1.375 0.221
square 0.250 0.250 1.250 0.125
corrugated 0.370 0.750 0.750 0.141
protrusions 0.250 0.500 1.250 0.098
protrusions 0.375 0.750 1.250 0.221

The plate separation or compressed gasket spacing was de-
termined by measurement of the overall distance between the
outer surfaces of the steel frame, with and without a gasket, at
ten marked points. The difference of the average of the ten
measurements, taken with a vernier depth gauge to 0.001 in.,
was used as the average plate separation.

100.0
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Fig. 3. Effect of plate separation on pressure drop, 45 deg. triangu-
lar interlocking ribs (Water, 70 == 2°F.).
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A diagram of the experimental apparatus is presented in
Figure 2.
EFFECTS OF GEOMETRY ON PRESSURE DROP
The data taken for each plastic plate channel was cor-
related in the form, Ap = a@-u", by a least-squares fit of
the experimental pressure drop data for the ribbed section
of each chamnel investigated. Graphical representation of
these results is presented in Figures 3 through 11. Since
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Fig. 5. Effect of rib trequency on pressure drop, 45 deg. triangular
ribs (Water, 70 = 2°F.).
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only turbulent flow conditions were desired, only those
data for linear fluid velocities above a range of minimum
velocities of 0.15 to 0.30 ft./sec. were included for analy-
sis. These minimum velocities correspond to critical Reyn-
olds numbers (7) between 200 and 2,000 depending upon
the plate channel in question. Because of the extremely
small flow rates (less than 0.1 gal./min.) required to in-
vestigate laminar flow conditions with water, no attempt
was made to interpret any data taken in the laminar region.

It has already been stated (5, 8) that pressure losses in
ribbed channels are caused mainly by the eddy forma-
tions behind the ribs and changes in direction of the main
flow around the ribs. Visual observations of the flow in the
rectangular channels with the transverse internal geome-
tries used in this work tend to support the observations
that the turbulence is produced by a combination of the
effects found in baffled and curved channels. The results
shown in Figures 3 to 8 also support this type of flow
phenomena.

From Figures 3 and 4 it can be seen that, at any con-
stant linear velocity, the pressure drop increases as plate
separation increases if the ribs on mating plates interlock
(Y/H < 1.0). This may be attributed to an increase in
eddy formation behind the ribs reinforcing the pressure
loss present from curved channel flow. At plate separa-
tions where the ribs are noninterlocking (Y/H > 1.0),
the pressure drop decreases at Y/H increases. A relative
straightening of the main flow stream occurs here and the
ribs behave more like roughness elements in baffled chan-
nels as the plate separation increases.

Figure 5 shows the pressure drop decreasing, at any
constant linear velocity, as the ratio of rib frequency to
rib base, F/B, increases from closepacked rib, F/B =
1.0 to F/B = 3.0. This change in channel geometry tends
to straighten the main flow stream and also produce fewer
eddies behind the ribs. An increase in pressure drop oc-
curs when the base angle of the ribs increases from 30 to
60 deg. with a constant rib base dimension, B as shown in
Figure 6. An increase in rib base angle also causes an in-
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crease in rib height, H, which tends to enhance eddy for-
mation behind the ribs. As the shape of the ribs is changed
from semicylindrical to trapezoidal to triangular and to
square shapes, the pressure drop at any linear fluid veloc-
ity increases respectively as shown in Figure 7. Increasing
the surface area of the ribs by corrugation also increases
the pressure drop as shown in Figure 8. These step-by-step
corrugations provide a rougher surface which further en-
hances eddy formation along the rib surface. Figure 9 in-
dicates the effect of noncontinuous ribs and shows an
increase in pressure drop as the degree of rib continuity
increases. Figures 10 and 11 show the pressure drop in-
creasing as the transverse angle of the herringbone ribs
decreases from 45 to 15 deg. for both types investigated.

CORRELATION OF PRESSURE DROP

The results of the individual series of experiments on
plastic plate channels were combined to establish a gen-
eral expression for the pressure drop in the form:

Ap = K-w (5)
where
K=AAB3T®T (6)
and
€ = S'X'B'a"y'¢'r (7)

In combining the individual correlations to form the gen-
eral expression above, the correlations obtained for the
45 deg. triangular close-packed transverse rib patterns, A
and 8, were taken as a basis. All other individual correla-
tions were evaluated as fractions of that basis in such a
way that, if any particular empirical correlation of channel
geometry does not apply to the rib shape in question, that
individual factor or fraction will be unity. The experi-
mental results were also evaluated such that all effects of
channel geometry were included in determining the indi-
vidual effects of each geometric change.

Plate Separation
In the basic series of experiments conducted with the
45 deg. triangular close-packed transverse rib patterns, the

100.0
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Fig. 7. Effect of rib shape on pressure drop (Water, 70 == 2°F.).
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only independent characteristic of channel geometry
varied was the plate separation, Y. The average channel
spacing available for fluid flow, S, and the equivalent
diameter of the channel, De, also varied but both are de-
pendent on the plate separation, Y. Dimensionless param-
eters, Y/H and S/H, were selected for correlation in this
series of experiments. Since H is the height of a rib, the
parameter Y/H is a measure of the amount of interlock or
overlap of the rib pattern. The parameter S/H is a mea-
sure of the space available for turbulent eddies to develop
between successive ribs on opposite plates. Using only
data for values of Y/H < 1.0, it was found that the effect
of plate separation on the pressure drop could be evalu-
ated by using the correlations

= — 8.3081 + 8.6106 cosh (S/H)? (8)
and
8§ = 1.0 4 1.3006 (Y/H)?0:3935 (9)

for the coefficient, K, and the exponent, ¢, in Equation
(3). Use of these correlations to predict the pressure drop
in the channels investigated provides an average deviation
of +0.25% (+5.0% maximum) when comparing the ex-
perimental and predicted pressure drops for 150 individual
data points.

Rib Frequency

To correlate the pressure drop as a function of the
variation of the frequency of the ribs, the dimensionless
parameter F/B was chosen in which F is the rib fre-
quency or the distance between corresponding points of
adjacent ribs and B is the base dimension of one rib. In
this series of experiments, channels were constructed with
45 deg. triangular transverse ribs having F/B values of 1.0,
2.0, and 3.0. The following correlations were determined
to express the effect of rib frequency on the pressure drop:

F 2.5 .
A = 1.0428 — 0.0428 (-E) (10)

and
Vol. 15, No. 4
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A = 1.0 + 0.04 sin’ (—’;E) (11)
Using these correlations and the previously established
correlations for the plate separation [Equations (8) and
(9)1 to predict the pressure drop in the channels investi-
gated provides an average deviation of +2.29% (x4.49%
maximum) when comparing the experimental and pre-
dicted pressure drops for 86 individual data points.

Rib Base Angle

The effect of rib base angle on the pressure drop was
determined using close-packed transverse triangular ribs
with base angles of 30, 45, and 60 deg. The dimensionless
parameter, 2H/B, is equal ot the tangent of the rib base
angle for triangular shaped ribs. For other rib shapes, a
numerical value for this parameter may be obtained even
though it is not the tangent of the rib base angle. The
correlations developed for use in Equation (5) are:

B = 0.2609 + 0.7391 (2H/B)25 (12)

and

B =1.0718 — 0.0718 (2H/B) ~29 (18)

An average deviation of +1.5% (*4.4% maximum) was
obtained when using these correlations to predict the
pressure drop in the channels investigated. Experimental
and predicted pressure drops were compared for 94 indi-
vidual data points.

Rib Shape

A series of experiments was conducted with triangular,
semicylindrical, trapezoidal, and square transverse ribs
to determine the effect of various rib shapes on the pres-
sure drop. The variations of the channel geometry for this
series of channels include those previously investigated
(plate separation, rib frequency, and rib base angle) as
well as the rib shape. To correlate the pressure drop as a
function of the rib shape, the dimensionless parameter,
Ax/Ar, was selected in which Ax is the cross-sectional
area of the rib shape in question and Ar is the cross-
sectional area of a triangle whose base and height dimen-
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Fig. 9. Effect of semispherical protrusions on pressure drop (Water,
70 == 2°F).
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sion are the same as those of the rib shape in question.
This ratio thus provides a parameter whose value will be
unity for all triangular shaped ribs and greater than one
for all other rib shapes. It was found that the effect of rib
shape on the pressure drop could be evaluated by using
the correlations

% = 1.04 — 0.562-y + 0.15 sin (2mj) — 0.08]¢ — 0.5|

(14)
and
o= 1.0—0.07¢ + 0.15 sin (2m}) (15)
where
Ax
= ——1.0
] v (16)

for the contribution of rib shape on the coefficient, K, and
the exponent, ¢, in Equation (5). Use of these correla-
tions and those previously established to predict the pres-
sure drop in the channels investigated provides an average
deviation of +1.2% (=+4.6% maximum) when comparing
the experimental and predicted pressure drops for 114
individual data points.

Corrugated Ribs

The effect of rib corrugations on the pressure drop was
determined by fabricating 45 deg. triangular ribbed chan-
nels with two different sized corrugations. To correlate
the pressure drop as a function of the rib corrugations,
the dimensionless parameter, C(Pc — P)/Pc, was selected
in which C is one-half the number of cerrugations on a
rib surface, Pc is the lineal perimeter of the corrugated
rib and P is the lineal perimeter of a noncorrugated rib
with the same basic dimensions as the corrugated rib. Both
perimeters, Pc and P, are measured on the rib surface
along the direction of flow. This parameter is essentially
a measure of the number of edges capable of inducing
turbulence and the relative increase in surface area due
to the corrugations. The correlations developed for use
with Equation (5) are
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C(Pc— P) \0¢
— 1.0+ 0.574( L'f-——)) (17)
Pc
and .
C(Pc—P 0.
'y=0.46+0.54(\—(——;—c-—-—)-—1.0 ) (18)

An average deviation of +0.8% (*4.4% maximum) was
obtained when using these correlations to predict the
pressure drop in the channels investigated. Experimental
and predicted pressure drops were compared for 86 indi-
vidual data points.

Protrusions

A series of experiments was conducted with % and 3%
in, semispherical protrusions and depressions to determine
the effect of noncontinuous ribs on the pressure drop. To
correlate the pressure drop as a function of the size of
the protrusions, the dimensionless parameter, 1% (n: + ny)
Dr/We, was selected in which n; and n, are the number
of protrusions in two successive transverse rows, Dr is
the diameter or transverse dimension at the base of
a protrusion and W is the transverse width of the channel
between gaskets. This parameter is, in effect, a measure
of the rib continuity or the amount of transverse flow area
taken up by a rib. The correlations developed for use
with Equation (5) are:

& — ¢—391L0—[1/2(n +n)Dr/Wcloa} (19)
and
1 Dr ]
_ 4112 — 20
¢ O.59+041[2(n1+n2)wc (20)

Use of these correlations and the previously established
correlations to predict the pressure drop in the channels
investigated provides an average deviation of +0.9%
(+11.6% maximum) when comparing the experimental
and predicted pressure drops for 82 individual data points.

Transverse Rib Angle
The effects produced by positioning the ribs at various
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Fig. 11. Effect of transverse rib angle on pressure drop, noninterlock-
ing herringbone ribs (Water, 70 == 2°F).
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angles to the transverse flow direction was determined by
conducting a series of experiments with 45 deg. triangular
close-packed ribs arranged in a herringbone pattern. For
this series of experiments, herringbone rib patterns with
transverse angles of 15, 30, and 45 deg. were investigated
with both interlocking and noninterlocking or crossed rib
channels. Because of the more complex situation existing
with nontransverse ribs, the parameter chosen for correla-
tion was the transverse rib angle, 9. The interlocking her-
ringbone rib patterns were investigated with the fluid
flowing both into and against the apex of the herringbone
pattern. It was found that these different directions of
flow produced a maximum difference of only 29 and
were therefore neglected in the final correlations. So that
the effects of both interlocking and noninterlocking rib
patterns could be combined into a single correlation; an
angle, a, equal to the transverse rib angle, 4, was defined
for the interlocking rib patterns. For the noninterlocking
rib patterns, the angle « is equal to zero. The correlations
developed for use with Equation (5) are:

T =1[1.0+ 8.5 tan’-"®aJ[1.0 — 1.33 sin §
4+ 0.103 sin(2.54 #6) ]

9 1.75
7= 1.0—0.18( )
a+ 48

Using these correlations and the previously established
correlations to predict the pressure drop in the channels
investigated provides an average deviation of +1.0%
(#+11.99% maximum) when comparing the experimental
and predicted pressure drops for 228 individual data
points.

(21)

(22)

APPLICATION OF RESULTS

The results of this investigation were used to test the
possibility of predicting the pressure drop in commercial
plate heat exchanger channels. Overall pressure drop data,
including entrance and exit effects, were available from
an investigation of commercial plate heat exchanger
channels (8). Using the geometric characteristics of the
commercial heat exchanger plates with the empirical cor-
relations developed from the plexiglas channels used in
this investigation, ribbed section pressure drops for the
commercial metal plate channels were predicted. A typical
example of the comparison between the overall pressure
drop in a commercial plate channel and the predicted rib-
bed section pressure drop for the same channel is pre-
sented in Figure 12.

To provide some means of quantitatively comparing
these results average entrance and exit pressure losses
were added to the predicted ribbed section pressure drops.
In this investigation with plexiglas channels, entrance and
exit effects were found to be about 209, of the ribbed
section pressure drop (10% of the total pressure drop)
for most of the channels investigated. This result is based
on the 1% in. diameter circular port and the one gasket
shape (Figure 1) used in this work. Although the entrance
and exit conditions of all commercial plates are quite
different than those of the plexiglas models, the overall
pressure drops for seven commercial plate channels were
predicted with an average deviation of 41.59% from ex-
perimental overall pressure drops. The experimental pres-
sure drop data showed an average deviation of 44.49
for the seven exchangers considered (18). These results
show the predicted pressure drop data to be at least as
good as the experimental data used for comparison.

Additional applications of this investigation with respect
to heat transfer in ribbed channels will be presented in
a subsequent paper.
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Fig. 12. Typical comparison of predicted rib section and overall com-
mercial plate pressure drops.

CONCLUSIONS

Based on the results reported in this work within the
rﬁnge of the variables investigated, it may be concluded
that:

1. The pressure drop in rectangular ribbed channels is
governed by the geometry of the ribs and the channel.

2. The mathematical correlations developed may be
used to predict the pressure drop in rectangular ribbed
channels similar to those investigated in this work.

3. The pressure drop in plate heat exchanger channels
operating with fluids similar to water may be predicted
using the correlations presented here if one also includes
an accurate estimate of the entrance and exit effects.
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NOTATION

a = coefficient in experimental correlation, Ap = a-u"

A = coeflicient in experimental correlation, Ng, =
A-Ng, ¥

Ax = cross-sectional area of any nontriangular rib, sq. in.

Ar = cross-sectional area of any triagular rib, sq. in.

B = dimension of rib base, in.

C = one-half the number of corrugations on a rib sur-
face

De = equivalent diameter of channel, ft.

Dl = developed length of plate surface, ft.
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Dr = transverse base dimension of a rib, in.

fs = Blasius friction factor, 2-ap-g.-De/p-u?-Dl, di-
mensionless

F = rib frequency or distance between corresponding

points of successive ribs, in.

g. = gravitational constant, 32.2 ftlb../lb,; sq. sec.

H == height of a rib or internal geometry, in.

K = coefficient in empirical correlation, Ap = K-ur

n = exponent in experimental correlation, Ap = a-u"

ny = number of ribs in a transverse row succeeding 7,

n, = number of ribs in a transverse row succeeding n;

N = exponent in experimental correlation, Ng, =
A-N Re_N

N, = Euler number, Ap-g./p-u?, dimensionless

Nge = Reynolds number, De-u-p/p, dimensionless

Ap = pressure drop, Ib./sq.in.

P = lineal perimeter of a noncorrugated rib, in.

Pc = lineal perimeter of a corrugated rib, in.

S = average plate spacing for fluid flow, in.

u = lineal fluid velocity in channel, ft./sec.

Wc = transverse width of plate channel between gas-
kets, in.

Y = plate separation or compressed gasket thickness,
in.

Greek Letters

o = transverse rib angle for cross diagonal ribs, o =
#, radians

= exponent correlation for rib base angle effects

= base angle of ribs, radians

coefficient correlation for rib base angle effects

= exponent correlation for rib corrugation effects

= coefficient correlation for rib corrugation effects

= exponent correlation for plate separation effects

»HR BB
Il

Part ll. Heat Transfer

coefficient correlation for plate separation effects
exponent in empirical correlation, Ap = K-u*
transverse rib angle for diagonal ribs, radians
exponent correlation for rib frequency effects
coefficient correlation for rib frequency effects
density of fluid, b./cu.ft.

exponent correlation for rib shape effects
coefficient correlation for rib shape effects
exponent correlation for transverse rib angle ef-
ects

= coefficient correlation for transverse rib angle ef-
fects

exponent correlation for protrusions

coeflicient for protrustions

rib shape geometrical parameter, Ax/Ar — 1.0,
dimensionless

[T

[

A Mg B>ron b
Il

T oe N
l
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B oUt A W

Heat transfer and pressure drop data were taken on commercial plate heat exchange equip-
ment. Nusselt and Euler correlations were determined for each of the six commercial heat ex-
changers investigated. These correlations were combined to establish a single heat transfer-

pressure drop relationship for any plate type of heat exchanger channel.

The results of this investigation were tested by using the correlations developed in Part |
of this series to predict pressure drop dota for the commercial unit based on their channel
geometries. These predicted pressure drops were then used with the results of this part of the

series to predict and compare heat transfer data.

The correlations developed in this work allow one to determine the heat transfer characteristics
in a ribbed rectangular channel from the pressure drop characteristics of the channel in ques-

tion.

The effects of internal geometries on the pressure drop
in ribbed rectangular channels have been correlated as
functions of the rib and channel geometry in Part I of
this series. Although the heat transfer characteristics of
such channels are governed by the flow conditions, no at-
tempts to correlate the heat transfer with pressure drop
characteristics appear in the literature. Combined correla-
tions relating heat transfer and pressure drop conditions
have been determined for other types of turbulence pro-
ducing channels (1, 2). This paper presents results which,
when combined with those reported in Part I, will enable
one to predict heat transfer characteristics from pressure
drop conditions based on the rib and channel geometry.

In an investigation of flow in annuli containing finned
turbulence promoters on the outer surface of the inner
tube, Knudsen and Katz (I) obtained an empirical cor-
relation containing dimensionless ratios of the fin height
and spacing to the equivalent diameter of the channel.
Sams (2), in an investigation of air flowing in % in. cir-
cular tubes with square-thread roughness elements on the
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inner surface, developed a friction factor correlation con-
taining dimensionless ratios of the thread spacing and
height to the thread width. He incorporated this friction
factor into the Reynolds number group of an empirical
Nusselt correlation thus combining the heat transfer and
pressure drop correlations.

Extensive heat transfer studies have been conducted
on plate and frame equipment (8, 5 to 9) all of which
present results in the form of Nusselt correlations applic-
able to each individual exchanger investigated. The most
complete presentation of Nusselt and Euler correlations
for plate heat exchangers appears in Baranovskii's work
(8). In all of the works cited above, the empirical Nusselt
correlations are used only for the thermal design charac-
teristics of the heat exchanger in question. Both Baranov-
skii (4) and Kovalenko (10) derive the correlation

. — . Y 1 (1)
2 2-g-Hp Dl af, Uave.
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