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Abstract---A power law approximation for the Kays-London heat exchanger data as modified by Soland 
is used to derive a closed form solution for sizing counterflow regenerators. This solution is used to develop 
criteria for obtaining the minimum volume heat exchanger. These criteria are: (I) select a surface with 
minimum plate spacing for use on the cold side; (2) list other available surfaces with plate spacings 
approximately equal to the cold side plate spacing ; (3) select from this list the surface with the minimum 

hydraulic diameter for use on the hot side. 

1. 1NTRODUCTlON 

WHEN DESIGNING gas turbine regenerators for a given 
application, often the goals are to minimize volume 
and maximize heat transfer. In the past, sizing routines 
and procedures to select the optimum surface pair for 
counterflow plate-finned regenerators were iterative 
and complex. In this paper, a simplified method to 
solve these problems is presented. 

Kays and London [l], hereafter denoted as KL, 
presented data for many plate-~nned surfaces in terms 
of Colburn j-factors and friction factors, _f: These 
factors referred to the exposed area, A,, as a function 
of Reynolds number, based on the minimum free-flow 
area. A,. 

Soland et al. [2] developed a method to simplify 
comparison ofdifferent surfaces by converting the KL 
,j and f‘ factors reference area from AT to the base 
plate area, Ah. Table 1 (equations (1) to (9)) shows 
Soland’s definitions of the various quantities com- 
pared with those used by KL. Below is a pertinent 
excerpt from Soland 121: 

The effect of the fins is included in the new j,, and f, 
based on Ah. Further, the new Reynolds number, Re”, 
is based on the open flow, A,, as though theJim were 
not present. This requires that the metal conductivity 
of the fins, k, be specified in incorporating the effect of 
the fins into h,. 

To convert the KL data to Soland’s basis, the fol- 
lowing ratios obtained from equations (1) to (9) (see 
Table 1) and Fig. 1 are used 

Ah 2X-z 2 - Ii _._” = - 
A, fiv Irh 

where 

i (11) 

The other ratios are 

AF XZb 1 
-_ 

A, =A,r,=p; 

e, A, 
G,=A,= B% 

Re, D& Pb -.- - _I___ = .-_. 
Ri? 4r,G, 2 

(13) 

(14) 

Figure 2 shows the two pairs of curves for a typical 
KL surface, namely their 3/16-l 1.1 plate-finned 
surface, Fig. 10.44 of reference [I]. 

Using the KL data as modified by Soland’s method, 
an approximate closed-form solution for the coun- 
terflow sizing problem is derived in this paper. Then 
a sample calculation is performed and the effect of 
pressure drop is examined. Finally, a set of criteria for 
choosing the optimal surface pair is presented. 

2. DERIVATION OF SIZING METHOD 

Several preliminary steps are necessary before 
deriving the sizing method. The first is the key 
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NOMENCLATURE 

thickness of plate separating beat 

exchanger sides [m] 
heat transfer area of base surface which 

includes the effect of fins ; equals length 

times heated perimeter [m’] 
minimum free flow area [m”] 
flow area ignoring any fins [ni’] 

total heat transfer area [m’] 
plate spacing [m] 
specific heat [kJ kg ’ K ‘] 
nominal diameter; defined by equation 

(fb) [ml 
friction factor based on total area (&) ; 
defined by equation (4a) 
friction factor based on base arca (Ah) ; 
defrncd by equation (4b) 
conversion factor 
mass flux based on minimum free flow 
area ; defined by equation (2a) 

[kgs ‘m-‘3 
mass flux based on free flow area (AF) ; 
defined by equation (2b) [kg s ’ m ~m2] 
heat transfer coefficient based on total 
area (A-,-) ; defined by equation (5a) 

(Wm -‘K ‘I 
heat transfer coefficient based on base 
area (Ah) ; defined by equation (5b) 

[Wm ‘K- ‘I 
Colburn j-factor based on total area 

(AT) ; defined by equation (6a) 
Colburn ,j-factor based on base area 
(A,,) : defined by equation (6b) 
thermal conductivity of heat exchanger 
metal [Wm ’ K ‘1 
x-axis intercept of‘new best-tit’ line with 

slope = -s : defined by equation (I 7b) 
>,-axis intercept of ‘new best-fit’ line with 

slope = -s: defined by equation (17a) 
fin length from root to center ( = h/2) [ml 
component of fin efficiency (nr) ; defined 

by equation (9) 
pressure [Pa] 
component of core volume formula 
derived according to pressure drop 

considerations : defined by equation (26) 

Prandtl number 
heat transfer rate [W] 
heat flux [W m -‘] 
component of core volume formula 
derived according to heat transfer 
considerations : defined by equation (34) 
[11T2\ + '1 

r 

rh 

R 
Re 

Re, 

s 

T 
u 

I/ 
W 

x 
XY 
Y 
z 

correlation coefficient 

hydraulic radius ; defined by equation 

(la) [ml 
gas constant [J kmol ’ K ‘1 
Reynolds number based on minimum 
free flow area (A,) : defined by 

equation (3a) 
Reynolds number based on free flow area 

(A,) ; defined by equation (3b) 
average slope of all best-fit lines through 

j#, and .fn vs RP, data points 

temperature [K] 
overall heat transfer coefficient 

[Wm ‘K-‘I 
volume [mZ] 
turbine work [N m] 
heat exchanger width fm] 
heat exchanger frontal area ]m’] 

heat exchanger height [m] 
heat exchanger length [ml. 

Greek svmbols 
ratio of total area on one side of the heat 

exchanger to total volume of the heat 

exchanger ; defined by equation ( 18) 

[m ‘I 
ratio of total heat transfer area on one 
side to the volume on that side [m- ‘1 

fin thickness [m] 
temperature difference ; as shown in 

Fig. 4 [K] 
temperature difference ; as shown in 
Fig. 4 [K] 
friction pressure drop [Pa] 

(i.,--ci)ic, 
fin efficiency : defined by equation (8) 
total surface temperature effectiveness ; 
defined by equation (7) 
turbine efficiency 
viscosity [Pa s] 
density [kg m-‘] 
ratio of free flow area to frontal area ; 
defined by equation (19) 

mass Row rate [kg s ‘1. 

Subscripts 
n denotes a parameter modified according 

to Soland’s method, [Z] 

I,2 indicates different sides of heat 
exchanger 

h,c indicates hot or cold side of the heat 
exchanger. 
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Table 1. Definitions 

Quantity Kays and London [l] Soland [2] 

Hydraulic diameter or radius 

Mass flux 

Reynolds number 

Friction factor 

Heat transfer coefficient 

Colburn ,j-factor 

(14 

(24 

(3a) 

(W 

(5a) 

(6a) 

C+b) 

(4b) 

(5b) 

(6b) 

The efficiencies are defined by equations (7), (8) and (9). 

approximation of fitting straight lines through the 

modified KL data points, j, and f” vs Re,. These lines 
have the functional relationships 

and 

j, = K,Re,” (174 

fn = K,Re;“. Q7b) 

The values for s, K,, and Kr are determined using a 
linear regression routine. A ‘best-fit’ line is found for 
each surface’s jn and fn vs Re, data points. Table 2 

lists the slopes of these best-fit lines with the associated 
correlation coefficient, r (defined in [3]), for each of 

-“--1 

slml 7 
b 

A 

the 26 KL surfaces examined in this study. Generally, 

the j, and fn vs Re, data are well represented by 
straight lines as evidenced by the fact that all cor- 
relation coefficients are greater than 0.93. By aver- 
aging the slopes from Table 2, the value to be used 
for s in equations (17a) and (17b) is found to be 0.46. 

With s thus determined, the ,jn and ,f, vs Re, data 
for each surface are revisited. This time, ‘new best-fit’ 

lines are determined but the slopes of the lines are 
fixed at s equal to 0.46 for all surfaces. Figure 3 is a 
plot of this kind for the typical KL surface, 3/16-l I. I. 
The constants, K, and K,, for surface 3/16-l 1.1 are 

shown graphically on Fig. 3. The constants of the new 
best-fit lines for the other surfaces are listed in Table 
2. Appendix A of reference [4] contains graphs similar 

to Fig. 3 which also show the average error for each 
surface’s ,j” and f: data set. For the 26 surfaces in 

Table 2, the average error never exceeded 10% and 
for most surfaces is near 3% or 4%. 

Next, define two heat exchanger core geometrical 
parameters, CC” and rrn 

A,=Xb 

A,-2XZ 

V &=+-_~$XZb=2b 
Ab 2xz 

u) u) 
G,=--_- 

AF Xb 

V-XZb 

FIG. 1. Sample calculation of nominal diameter and mass 
flux for rectangular flow passage. 

Note that in equations (18a) and (18b) the heat trans- 
fer resistance of the plate (thickness = a) separating 
the two sides of the heat exchanger is considered neg- 
ligible and therefore the ‘2a’ term is dropped. The 
other geometrical parameter is 

A,, b, 
a =---- 

“’ - XY b,+b? 
(19a) 
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l.OE+OO--- --~.- -- 
t 

1.0~.031___~__~. I t I / 1 / 111,111 i_I__IILlLLL 

l.OE+02 l.OE+03 l.OE+04 i.OE+OS 

Reynolds Number 

FIG. 2. ,jand ./ vs Re; ,j, and Ii1 vs Rc, for surface 3/l&l 1.1. 

The mass flux, G, and Reynolds number. Re, can be (21) 

written in terms of these geometrical parameters as 
with similar results for Gnz and Renz. 

G,, = :1”-’ zz ,:& = ;;(I +bJb,) (20) 
The remaining preliminary step is to specify the 

6, 71 I operating conditions for which the regenerator will be 

Table 2. Surfaces 

Surface 
name from 

KL [II 

Name Hydraulic Plate I,, 
used in diameter. spacing, - ~~ ~~~ 
paper 4r, (m -‘) h (m ‘) Slope r 

l/10-19.74 S27 I .22 I .29 -0.440 0.995 
l/10-19.35 S29 1.40 I.91 -0.484 0.999 
l/9-24.12 S28 1.21 I.91 - 0.434 0.993 
3/8(b)-11.1 L19 3.084 6.35 ~ 0.486 0.999 
3i4-I I.1 L2l 3.084 6.35 - 0.484 0.999 
3i8-I I.1 Ll8 3.084 6.35 -0.506 0.999 
3/16-II.1 L15 3.084 6.35 -0.497 0.999 
11.1 PO4 3.084 6.35 -0.395 0.983 
l/2-11.1 L20 3.084 6.35 -0.473 0.997 
3/4(b)-I I I L22 3.084 6.35 -0.459 0.999 
l/8-16.12T S3l 1.57 7.98 - 0.607 0.998 
14.17 PO6 2.59 8.38 -0.503 0.996 
30.33T PI0 1.222 8.76 -0.790 0.999 
1,,6-l2.18D s30 2.70 8.97 -0.641 0.999 
6.2 PO2 5.54 10.29 --~ 0.306 0.938 
l7.8-3:8W w27 2.12 IO.49 -0.612 0.999 
I I .44-3!8W W26 3.23 IO.49 -0.549 0.999 
I /8- 15.2 s25 2.65 IO.55 ~ 0.489 0.999 
15.08 PO7 2.67 10.62 ~~ 0.62 I 0.986 
5.3 POI 6.15 11.94 - 0.403 0.996 
I I.1 I(a) PO5 3.52 12.1’) -0.396 0.936 
3132-12.22 S24 3.41 12.3 -0.584 0.999 
3.97 PI4 8.59 19.05 -0.331 0.989 
2.0 PI2 14.45 19.05 -0.313 0.997 
3.01 PI3 10.82 19.05 -0.339 0.987 
9.03 PO3 4.64 20.90 -0.537 0.987 

K, and Kr are determined for the average slope equal to -0.46. 

Slope r fG 

0.656 -0.457 0.977 3.919 
1.069 -0.522 0.992 5.265 
I.312 -0.493 0.988 8.737 
I .746 -0.376 0.980 1 I.561 
1.396 - 0.454 0.982 8.060 
1.773 m-O.388 0.982 I 1.806 
I.872 -0.395 0.995 14.766 
0.932 -0.441 0.960 4.141 
I.514 -0.375 0.97 I Y.436 
1.380 - 0.429 0.982 X.068 
4.440 -0.378 0.965 52.575 
I.615 PO.493 0.972 10.369 
4.314 ~ 0.807 0.991 29.905 
2.656 -0.498 0.985 I X.694 
0.686 --0.371 0.943 3.092 
4.046 - 0.435 0.999 45.642 
3.014 -0.391 1.000 34. I07 
3.575 -0.335 0.969 47.617 
I.447 -0.640 0.969 7.032 
0.987 - 0.458 0.972 3.226 
2.046 -0.516 0.959 X.833 
2.899 -0.385 0.980 41.038 
I.274 -0.260 0.969 5.607 
0.790 -0.212 0.976 2.648 
I.007 - 0.264 0.968 4.448 
I .625 -0.418 0.946 12.057 
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1 .OE+02 

FIG. 3. Surface 311611.1 ‘New Best-Fit’ Line (slope = -0.46) 

sized. The operating conditions for the examples in 
this study are shown in Fig. 4. 

Having completed the above preliminary steps, it is 
now possible to derive the approximate closed-form 
formula for sizing a counterflow regenerator. The 
derivation consists of three steps. First, the heat 
exchanger core size (A’, Y, and Z) is found as a 
function of the allowable pressure drop. Step two finds 
the core size based on heat transfer considerations. In 

step three, the equations resulting from steps one and 
two are solved simultaneously to yield the formula for 
core volume. 

STEP I. From equation (4b), the pressure drop 
equation can be written as 

(22) 

Substitute for ,f” using equation (17b), use Z, = 

Zz = Z for counterflow arrangement and substitute 
for 26, = D, from Fig. 1 

API _ 4K,,Re,” Z Gz, 

PI PIP1 26, Q,’ 
(23) 

Substitute for G, from (20) and Re, from equation 
(2 I) and rearrange 

API _ 

PI 
(244 

Similarly 

BP, _ 2KnZA 
2 - \ 

P2 p2/-w&bds+ ’ 
?(I +b,/bd 
XY > 

(24b) 

Combining equations (24a) and (24b) and letting 
p, = pLz = n, then 

x”-797K 

T.,, =774K 

E(Ap/p)=O.OS 

w.=w,=49 k@sec 

1 p,=1848 kPa 

jp,rpzPa 
II/ I / -I 

0 Z 

Heat Exchanger Length 

FIG. 4. Operating conditions. 
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Define the heat exchanger size in terms of pressure 
drop as P 

Substituting p = RT/p from the ideal gas relationship, 
then from equations (25) and (26) 

STEP 2. The heat transfer rate equation 

reference [5] is 

y = &‘A,(AT) 

where 

From equation (6b) 

Substitute for ,j,,, using equation (17a) 

Substitute for G, from equation (20). RE, 

(31) 

from 

equation (21), let Pr, = Pr, = Pr, c,,, = cp7 = cp and 

rearrange 

(271 

from 

(28) 

(29) 

(30) 

(32a) 

Similarly, 

(32b) 

Combining equations (32a) and (32b) with equations 
(28) and (29) and using 

from equation (1 S), then 

AT 

(f 

Define the heat exchanger size in terms of heat transfer 

as Q 

p E (XY)“Z. (34) 

Then substituting equation (33) into equation (34) 
and rearranging 

Make the substitution q = wr,(ST (where the relation- 
ship between AT and 6T is shown in Fig. 4) and 
rearrange 

(36) 

STEP 3. The definitions for P, equation (26), and 
Q, equation (341, provide two equations for the two 
unknowns, (XY) and 2. Solving these simultaneously, 
the closed-form solution for the heat exchanger core 
volume is 

(37a) 

(37b) 

(37c) 

3. EXAMPLE CALCULATION 

For simplicity, this study is made for one set of 

operating conditions with equal flow rates and con- 
stant fluid properties on both sides as shown in Fig. 
4. The calculated heat exchanger volumes are not 
precise; however, with variable properties and flow 
rates ratios of 0.85 to 1.0 the general trend of the 
results should be essentially the same. 

Using the caleuiation method described prevliousfy. 
heat exchanger volumes arc determined by putting 

each surface on the cold side and then pairing it with 
every other surface on the hot side. Appendix B of 
references [4] contains tables of data showing the vol- 
umes of heat exchangers with each of the 26 surfaces 
in Table 2 on the cold side. The resulting volumes 
for the typical surface 3116-i 1.1 on the cold side are 
plotted in Fig. 5 with the ratio of plate spacing, h,,jh,, 
as the abscissa and each point labelled with its 
hydraulic diameter, 4rh_ Since there is no geometric 
similarity, distinct curves cannot bc expected ; 
however, the shaded regions group ranges of 
hydraulic diameters as shown. As another example, 
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22.6(800) 

!z! 
0 = 17.0(600) 

z 

E 
2 
8 11.3(400) - 

Cold side surface: 3/l 6-11 .l (Ll5) 

bc = 6.35mm; 4rh = 3.06mm 
5 

Note: 4rhh (mm) shown for each data point. 

Also shown are three ranges 
1.2-2.2, 2.5-3.5 and 4.6-6.6. 
of constant 4fhh (mm) 

m Continuous (plain or wavy) 

+ interrupted (strip or louver) 

5.7(200) 1 I I I I t I I I I I 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Plate spacing ratio, b,,/b, 

FIG. 5. Volume vs plate spacing ratio and hydraulic diameter. Cold side surface : 3/16- I I. 1 (L15) 

select the smallest plate spacing, 1.29 mm3, surface 

l/10-19.74 (S27), for the cold side and put all of the 
other surfaces on the hot side. The results are plotted 
as Fig. 6. In one more example, a much larger plate 
spacing, 10.49 me3, wavy finned surface 17.8-3/8W 
(W27), is placed on thecold side and the other surfaces 
are put on the hot side. These results are plotted in 
Fig. 7. 

In Fig. 6, the solid square point at plate spacing 
ratio of 8.2 labelled with 4r, = 2.12 m-7 represents 
the exchanger with the narrow surface (S27) on the 
cold side and the wider surface (W27) on the hot side. 
This combination results in a regenerator volume of 
approximately 5.7 m3. In Fig. 7, the plus point at plate 
spacing ratio of 0.012 labelled with 4r, = 1.22 me3 
represents the exchanger with the wide surface (W27) 

Cold side surface: 1 /I O-l 9.74 (S27) 

be = 1.29mm; 4r,, = t .22mm 
c 

t 

Note: 4rn, (mm) shown for each data point. 

Also shown are three ranges 

17.0(600) 
1.2-2.2, 2.5-3.5 and 4.6-8.6, 
of constant 4fhhh (mm) 

l Continuous (plain or wavy) 

F + interrupted (strip or louver) 

5 
11.3(400) 

3 

E 
2 

2” 5.7(200) 

I I I I I J 
0 2 4 8 8 10 

Plate spacing ratio, bh/bc 

FIG. 6. Volume vs plate spacing ratio and hydraulic diameter. Cold side surface: l/10-19.74 (S27). 
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Cold side surface: 17.8-3/8W (W27) 

b, = 10.49mm; 4r,, = 2.12mm 
c 

42,5 (1500) _ Note: 4r,,‘h, (mm) shown for each data point. 

Also shown are four ranges 
1.2-2.2. 2.5-3.5, 4.6-6.6. 10.0-15.0 
of constant 4rhh (mm) 

n Continuous (plain or wavy) 

z= 
E 

+ Interrupted (strip or louver) 

z 
28.3 (1000) - 

5.54 

14.2 (500) 

0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 1.8 2.0 

Plate spacing ratio, b,/b, 

FIG. 7. Volume vs plate spacing ratio and hydraulic diameter. Cold side surface: 17.8~ 3/W (W27) 

on the cold side and the narrow surface (S27) on the 
hot side. This pair yields a volume of about 14.7 m3. 
These points are labelled as ‘a’ in Figs 6 and 7. This 
suggests that if different surfaces are used on the two 

sides then the narrow plate spacing should be placed 
on the cold side. Results similar to these were obtained 
for the other surfaces examined in reference [4]. 

Furthermore, in Fig. 6 the plus point with 
4r, = 1.22 m 3 labelled ‘b’ represents the exchanger 

with the narrow surface (S27) on both sides. This 
exchanger has a volume approximately equal to 2.8 
m’. In Fig. 7, the solid square point with 4r, = 2.12 

mm’ labelled ‘b’ represents the exchanger with wide 

surface (W27) on both sides and volume of 11.6 m3. 
These results are summarized in Table 3. 

It is not surprising to find smaller volumes 
accompanying smaller hydraulic diameters on the hot 
side. What is surprising is that the minimum volumes 

occur at plate spacing ratios of h,,/h, in a range from 
0.8 to 1.8. In gas turbines that have been constructed. 

it is quite common to find larger spacing ratios, b,/b,. 
of approximately five. Such a selection should bc 
motivated by the desire for readily cleaned hot side 

Table 3. Volumes 

Figure Cold side Hot side Volume (m’) 

Fig. 6, point ‘b’ S27 s27 2.8 
Fig. 6, point ‘a’ S27 W27 5.7 
Fig. 7, point ‘b’ W27 W27 II.6 
Fig. 7, point ‘a’ w27 s27 14.7 

passages but not by any necessity to re-distribute 
pressure drops. 

Of the 600 surface pairs examined in reference [4]. 
using the operating conditions shown on Fig. 4, the 
combination of surface l/9-24.12 on the cold side 
with surface l/10-19.35 017 the hot side results in the 
minimum heat cxchangcr core volume. 

4. THE EFFECT OF PRESSURE DROP; X(Ap/p) 

The expression for turbine work is 

When expanded in a power series with Ap/p small, 
the result is 

(39) 

which shows that the loss in turbine work is pro- 
portional to the sum of Ap/p on the sides 

(40) 

It does not matter how Ap/p is distributed between 
the two sides ; it is C(Ap/p) that determines the loss in 
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turbine work for fixed compressor work and pressure 
ratio. 

In high effectiveness counterflow heat exchangers, 
the ratio of the pressure drops on the two sides are 
fixed by the flow rates, densities, and free flow areas. 
The free flow areas are approximated by the plate 
spacings. The passage lengths are the same. Neglecting 
entrance and exit losses, 

(41) 

For plate-fin surfaces, the friction factor varies 
approximately as 

(42) 

For the same Z 

The relative flatness of the volume curves in Figs 5, 6 
and 7 suggests using the same surfaces on both sides. 
Then for the case of perfect gases with equal flow rates 

(44) 

and 

(45) 

Since Tm.c/Tm,h = 0.966 and the pressure ratio from 
Fig. 4 is pJp,, = 16.7, then 

APC 
--~ z 0.058 and AP~:P, 

APT 
~ z 0.0035. 
AP&I, 

(46) 

This shows that Ap and (Apip) ratios will be orders 
of magnitude from unity in order to obtain minimum 
volume exchangers. This should not be of great con- 
cern since, according to equations (39) and (40) it 
does not matter how (Apip) is distributed because the 
loss in cycle net work is determined only by the total 

-WP/P). 

5. CONCLUSIONS 

Gas turbine regenerator designs have traditionally 
favored large plate spacing ratios, presumably to bal- 
ance cold and hot side pressure drops. In light of 
equations (39) and (40), this is not necessary from 
turbine work loss or cycle efficiency considerations. 
Since the volume curves of Figs 5,6 and 7 are relativeiy 
flat for low hydraulic diameters, the plate spacing 
ratio can vary considerably without substantially 
affecting the volume. 

Examination of equations (27). (36) and (37) 
reveals that for a given set of operating conditions 
(such as those in Fig. 4), if the surface on side one is 
the cold side then the volume of the heat exchanger is 
such that 

(47) 

Figure 8 is plot of volume vs plate spacing ratio, &lb,, 
with lines of constant Kfi/Kfc and Kjh/KiC when the 
typical surface 3/ 16- 11.1 is on the cold side and the 
operating conditions are those shown in Fig. 4. From 
this figure it is apparent that the volume is minimized 
when Kfi/Kfc is minimized, K,JKjc is maximized, and 
h,/b, is approximately one. A pair of‘ideally designed’ 
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surfaces would meet these criteria and result in the (3) Select from this list the surface with the minimum 
~niniinum core volume. 

This study suggests that, commensu~te with foul- 
ing and cleaning needs, the smallest hydraulic dia- 

meter should be selected for the cold side and surfaces 
with small hydraulic diameters that result in plate 

spacing ratios close to unity should be selected for the 
hot side to obtain the minimum heat exchanger core ‘. 
vohnne. This can be developed into a set of criteria 

” for selecting the pair of surfaces for minimum volume. 
For given operating conditions, volume will be mini- 
mizcd by following the steps below. 3 

(1) Choose the narrowest plate spacing for the cold 4. 
side (side one) based on coIlstraints such as fabri- 
cation difficulty fouling. 

(2) List all other available surfaces with plate 5, 
spacings nearly equal to the cold side plate spacing 

(i.e. h,,/OC r I .O). 

hydraulic diameter for use on the hot side. 
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