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HEAT EXCHANGER DESIGN CHARTS

INTRODUCTION

The ORNL-ANP liquid-to-liquid heat exchanger design and development
effort has been based on an exceptionally high performance matrix of
closely-spaced small diameter tubes that permits practically pure counter-
flow operation. In the course of full-scale aircraft power plant design
work a number of charts for this type of heat exchanger has been prepared.
These charts were intended in part to show the effects of the various
parameters in a readily understandable form, and in part to simplify and
to reduce markedly the chore of making detailed design calculations. These
charts have proved so helpful it seemed very worthwhile to assemble them
into a report along with brief explanations and sample calculations.

HEAT EXCHANGER MATRIX GEOMETRY

Perhaps the best introduction to the type of heat exchanger construc
tion that forms the basis for the charts presented in this report is a
series of pictures showing the models that have been built.

The first model was constructed of l/8-inch diameter copper welding
rods bent into the form shown in Figure 1. It was designed for air flow
tests to determine the fluid pressure drop across the tube spacers and
through the cross-flow region at the end where the tubes are bent into
the headers. The tube separation of 0.020 inches in both the horizontal
and vertical planes was maintained by using flattened wire spacers. As
can be seen in Figure 1(a) the horizontal spacers Were placed in one plane
at right angles to the axis of the tubes, while the vertical spacers were
placed in another plane downstream from the first. This arrangement
reduced the resistance to fluid flow across the spacers to a tolerable
value. The pressure drop through the cross-flow region, where the tubes
enter the header, was reduced to a very low value by shifting the ends
of every other column to the left and placing the displaced tubes in
between the tubes of the neighboring column. The shifting of the ends
of alternate columns of tubes can be clearly seen in Figure 1(b), which
was taken with the model partially assembled. It is expected that this
type of heat exchanger might well be used in a cylindrical annulus surround
ing the reactor core and reflector as indicated in the sketch shown in
Figure 2.

Dr. George F. Wislicehus suggested that the fabrication of a heat
exchanger of this type would be greatly simplified if it could be
assembled using a group of tube bundles with each bundle terminating in
a circular disc header instead of a large common header sheet. Thus,
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A-N-N-U-L-A-JL TUBE BUNDLE

FIGURE NO. 2" SCHEMATIC LONGITUDINAL CROSS-SECTION THROUGH ANNULAR
MODEL OF PROPOSED TYPE OF AIRCRAFT HEAT EXCHANGER.
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instead of trying to obtain perhaps 10,000 tube-to-header joints perfect
in a single assembly, it would be possible to make use of perhaps 50 sub
assemblies each containing 200 tubes. Each of these could be assembled,
welded and/or brazed, inspected, and pressure checked individually. Final
assembly could then be made with a single rugged weld between the header
disc and the pressure shell. Breaking the header up into a large number
of small units has the further advantage that the pipes carrying the
secondary circuit fluid through the shield from the intermediate heat
exchanger placed close to the reactor are relatively small in diameter,
simplifying the problem of allowing for differential thermal expansion.
Another salient feature of the multiple-header construction is increased
reliability of the external circuit of the reactor. With various compo
nents of the power plant connected to separate groups of tube bundles, a
leak in any one of the various fluid circuits would have no effect on the
others.

Modification of the basic idea is to use a header shaped something
like a shower head. Such a header is shown in Figure 3- The "shower head"
arrangement has the advantage that it requires a much smaller hole in the
pressure shell than a simple circular disc header, hence causing relative
ly little loss of strength in the header region of the pressure shell.
The header, of course, need not be circular but might instead be rectangular
in shape in order to utilize the space inside the pressure shell more
efficiently.

If circular headers are used, a tabulation of the relation between
header size and the greatest number of tubes that can be contained in the
header is of value. Such a tabulation is given in Table 1, where the
ratio of header diameter to tube spacing for various numbers of tubes on
an equilateral triangular pitch is presented. The prime factors of the
numbers of tubes are also given for convenience in proportioning the tube
bundle where it is rectangular in shape. The column headed "Configuration"
identifies the position of the center of the header relative to the hole
pattern.

Figure k shows the coordinates and tube patterns used in preparing
Table 1. The small circles shown represent not the tubes themselves but
the loci of points equidistant from the tube surfaces by half the space
between tubes. The coordinates of the center of any circle may be express
ed as linear functions of the number of tubes per row and the number of
rows as shown in Figures Mb) through Me). For any such circle the diam
eter of the header tangent to the circle may be found easily. If this
computation is carried out for a large number of judiciously selected
circles and the results are tabulated, the number of circles lying inside
a given size of header may be found by inspection. Table 1 was prepared
in this fashion for the four locations of header center shown in Figures

4(b) through k(e).
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(a) COORDINATE SYSTEM.

'U Y IN UPPER SEMICIRCLE

YL = Y IN LOWER SEMICIRCLE

i(P - I) i(P - I)

4" j£(Q I)

(R - i)2 = X2+ Y2

WHERE

i(P - I)

X » FUNCTION OF P
Y = FUNCTION OF 9
P = TUBES PER ROW

« = ROW NUMBER

^I(3Q - I)

i(P - I)

A(2Q - .)

19

(b) CONFIGURATION I. (c) CONFIGURATION 2. («•) CONFIGURATION 3. (e) CONFIGURATION 1.

FIGURE 4. CIRCULAR HEADER TUBE HOLE PATTERNS.
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The following two problems illustrate the use of Table 1:

Sample problem No. 1

For a header diameter D of kn and a tube center-to-center spacing S
of .30" find the maximum number of tubes insertable on an equilateral tri
angular pitch.

1) D/S = ty.3 = 13 =33

2) The nearest tabulated entries are 13.220 and 13.538. Select the
smaller value. The number of tubes is found to be l4l and the
configuration is that shown in Figure Md).

Sample problem No. 2

What is the header diameter for 200 tubes on a .250" spacing?

1) The nearest tabulated entries are for 199 and 202 tubes. Select
the larger value and omit two tubes from the pattern. The;
configuration is shown in Figure h(c).

2) The tabulated D/s = 15.798

D = (.250)(15.798) = 3*95"

While the application of this type of heat exchanger to an annular
arrangement in a right circular cylinder as suggested in Figure 2 is
relatively straightforward, its application to a heat exchanger in the
form of a spherical shell may be rather difficult to grasp at first.
Figures 5 through 7 have been prepared with the intention of alleviating
this difficulty.

Figure 5 shows a cross-section through a reactor and intermediate
heat exchanger combination that appears to offer many interesting pos
sibilities. The primary fluid can be circulated down through the reactor
and then upward through the space between the reflector and the pressure
shell. This return passage can be filled with tube bundles terminating
in "shower head" type headers of the sort shown in Figure 3° A model of
a heat exchanger of this type is shown in Figure 6. While the tube
bundle shape is quite unusual, fabrication of the heat exchanger ought
not be too difficult. After i±ge had been prepared for building up a
tube bundle, one bundle after another could be assembled, brazed and/or
welded into its headers, pressure tested, inspected, and assembled into
the spherical steel shell. A simple fillet weld between the header and
the pressure shell would suffice to complete the installation.



PUMP DRIVE SHAFT DWG. (5646

NoK INLET- NoK INLET

SELF SEALING RUBBER-

NaK OUTLET

PUMP DRIVE SHAFT

FIGURE 5 CROSS-SECTION THROUGH A REACTOR AND SPHERICAL SHELL INTERMEDIATE

HEAT EXCHANGER ARRANGEMENT.
ro
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Although the spherical shell type of heat exchanger appears to be
geometrically complicated, it has many advantages. The problem of
differential thermal expansion between the tubes and the pressure shell
in a conventional tube-and-shell heat exchanger is a very serious one
in units designed for high temperature operation; however, in the
spherical arrangement expansion of the tubes relative to the pressure
shell simply results in a slight warping of the tubes from their original
paths but no particular trouble should be experienced. A second and
perhaps the most important feature is the major shield weight reduction
possible with this design, largely because of its extreme compactness.

By analogy with the coordinate system used on the earth's surface,
the pump shafts in Figure 5 may be considered to lie along the polar
axis of the sphere. The points at which the shafts penetrate the sphere
then represent the north and south poles and the equator lies midway
between them on the sphere's surface. The latitude of any point on the
surface is then the angular distance from the equatorial plane measured
along a great circle passing through the poles. The longitude of that
point is the angular distance from some reference great circle measured
at constant latitude. Figure 7(a), which shows the coordinate system
used, illustrates these points.

In order to obtain efficient use of the space inside the spherical
shell the tube bundles must follow some path other than, say, the lines
of longitude. The desirable path is one in which the tube center-to-
center spacing is independent of latitude. This spacing can be obtained
if the tubes follow a certain variable pitch helix from one header to
the other.

Detailed design work on this geometry, while of a relatively complex
nature, is greatly simplified through the use of Table 2 and the charts
presented in Figure 7« Table 2 gives volumes and weights of spheres and
spherical shells having a specific gravity equal to one. Figure 7(a)
illustrates the coordinate system used for the spherical shell heat
exchanger and defines the various terms such as the longitude angle ex ,
the latitude angle 6 , the tube inclination angle <f> , tube spacing S,
and sphere radius R. Tube inclination angle and longitude angle are
given as functions of latitude angle in Figures 7(b) and 7(c), respec
tively. The ratio of the exchanger shell thickness to the diameter of
the sphere on which it is wrapped is given in Figure 7(d) as a function
of the required heat exchanger volume and the two terminal latitude
angles. Finally, Figure 7(e) presents the ratio of tube length to sphere
diameter as a function of latitude angle.

These charts were constructed from the following geometrical
considerations:

Tube Inclination Angle

At any latitude 0 , N heat exchanger tubes cross the latitude circle



2k

at an angle 0 . Tube spacing S is measured perpendicular to the tubes so
that

SN

sin 0 = 2« R cos 0

At 6 = 0,

SN

sin 0 = 2jt R

= sin 0

giving

a sin ^o ,,v

or

0 = sin"1 sin ^o (2)
COS ©

Figure 7(b) is plotted from equation (2).

Tube Longitude Angle

From Figure 7(a),

Rd 0

rda

and

giving

da cos 0
IF

From equation (l),

= tan 0

= R cos 9

= sin 0 cos 0 O)

8in 0 = cos 0° (k)
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Also,

cos 0 =Yl -sin2 0 (5)

Substituting in equation (3) from equations (k) and (5) then gives

da _ 1 *i /cos 9
d0 cos 6 y sin 0O "1

= -ycsc 0O -sec2 0

The longitude angle is then given by

a = / Ycsc2 0q -sec2 xdx (6)

Equation (6) is presented in graphical form in Figure 7(c).

Shell-Thickness to Sphere-Diameter Ratio

The volume of a hemisphere = 2/3 n r^, where r is the radius of
the hemisphere; the volume of a spherical sector = 2/3 n r^ (l - sin 6),
where Q is the latitude angle. Hence, the volume of a spherical shell
from equator to latitude 0]_ is given by

„ 2n sin 0i / q -ax
vi = —3—-± (r3 - rV

where rQ and r± are the outer and inner radii, respectively, of the shell.

r0 - r± + t

where t is the thickness of the shell, so that

2jt sin ©1
V ± = i (3 Tf t + 3 r± t* + tJ)



or

where

Similarly,

Vi

2n r3

2^
^ Vi

1(^i)+ 3<^i,

Vi

*- r3

2 3
t

volume of inner sphere.

3-Ir ♦ sf* H-*r
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sin 0-l

sin 0,

where 92 = latitude on the opposite side of the equator from 9j_.

The total shell volume V = V"i + V2

so that

(sin ©i + sin ©2)^ K* 3(-^8 *(4T3
or

~>k +6(£) ♦<&"
Equation (7) is plotted in Figure 7(d).

Tube Length

From Figure 7(a),

Rd 9

dL

From equation (l),

sin 0

sin 0

sin 0O
cos 0

(sin 0X + sin. 0 ) (7)



so that

and

or

1 dL

R d~0~

L

R

L

D

cos 0

sin 0O

1

sin 0r

sin 9

sin 0r

sin 0

2 sin 0O

/
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cos x dx

(8)

where

D = 2R

Equation (8) is presented graphically in Figure 7(e).

A sample problem to illustrate the use of Figure 7 is given below

Sample problem No. 3

A spherical heat exchanger geometry is specified as follows:

a The tubes run from forty degress south latitude to fifty degrees
north latitude;

the equatorial crossing angle for all tubes is forty degrees.

The shell has an inside diameter of kQ inches;

The required heat exchanger volume is 13.^ cubic feet.

Find:

Tube inclination angles at ends of a tube bundle;

longitude angles at ends of a tube bundle;

heat exchanger thickness;

length of tubes closest to and farthest from the pressure shell.
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Sample problem No. 3 (Continued)

Solution:

1) Use Figure 8(b) with 0O = 1+0°. For 0 = 1*0°, 0 = 57°.

For 0 = 50°, 0 = 90°.

2) Use Figure 7(c) with 0O = 1*0°. For 9 = i*-0°, a = 1*4°.

For 0 = 50°, a = 50°. These two values of a are, of course,

oppositely directed, i.e., whichever one is east of the point at

which the tube crosses the sphere's equator, the other is west.

3) From Table 2 for adiameter of 1*8 inches, V± = 33-51 ft3. Then

V/v± = 13-V33-51 = .^0. Figure 7(d) gives, for B1 = ho0,

92 = 50°, and V/Vi = .1*0, T/Di = .083. Then, thickness of

shell = (.083)(1*8) = k inches.

k) Use Figure 7(e) with 0O = 1*0°. For 9 = 1*0°, l/d = -50.

For 0 = 50°, L/D = .59. Then over-all l/d = .50 + -59 =

1.09. Minimum D = 1*8 inches. Maximum D = 1*8 + (2) (1*) =

56 inches. Then the length of the tube farthest from the pressure

shell = (1.09) (1*8) = 52.3 inches; while the length of the tube

closest to the pressure shell = (1.09) (56) = 6l.0 inches.

These lengths do not include the curved portions forming the cross-flow
regions at the ends where the tubes are bent to enter the headers. In
this case if the bend radius were 1" for tubes closest to the pressure
shell it would be 5" for the tubes farthest away. For a 90° bend, the
length of tube along the arc is roughly 1.5 times the radius. Thus, the
total length of the tube closest to the pressure shell becomes 6l.0 + (2)
(l)(1.5) = 6k inches, while the total length of the tube farthest from
the pressure shell becomes 52.3 + (2)(5)(1«5) = 67.3 inches.
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29

VOLUMES AND WEIGHTS OF SPHERES AND SPHERICAL SHELLS

Spherical Shell

Size Sphere 1" Thick

Outer Dia Outer Radius Volume H20 Wt. Volume EqO Wt.
In. In.

5

Cm.

12.70

Ft3

.303

Lb. Ft3

.11*7

Lb.

10 18.9 9.22

12 6 15.2l* .523 32.6 .220 13.76
ll* 7 17.78 .831 51.8 .307 19.20

16 8 20.32 1.21*1 77-1* .1*09 25.56
18 9 22.86 1.767 110.2 .526 32.82
20 10 25.1*0 2.1*21* 151.2 .657 1*0.99

22 11 27.9!* 3.226 201.3 .802 50.06
21* 12 30.1*8 l*.l88 261.3 .962 60.05
26 13 33.02 5.325 332.3 1.136 70.91*
28 ll* 35 =56 6.65I 1*15.0 1.325 82.72

30 15 38.10 8.181 510.5 1.529 95.1*1*
32 16 1*0.61* 9.929 619.5 1.71*7 109.0

3^ 17 1*3.18 II.90 71*3.1 I.98O 123.5

36 18 1*5.72 ll*.13 882.I 2.227 139.0

38 19 1*8.26 16.62 1037 2.1*89 155.3

1*0 20 50.80 19.39 1210 2.765 172.5

1*2 21 53.3^ 22.1*1* 11*00 3.056 190.7
1*1* 22 55.88 25.61 1610 3.362 209.8
1*6 23 58.1*2 29.1+9 181*0 3.682 229.7

1*8 21* 60.96 33.51 2091 i*.oi6 250.6

50 25 63.50 37.87 2363 1**365 272.1*

52 26 66.01* 1*2.60 2658 i*.729 295.1

51* 27 68.58 1*7.71 2977 5.107 318.7
56 28 71.12 53.21 3320 5.500 31*3.2
58 29 73.66 59.12 3689 5.907 368.6
60 30 76.20 65. 1*1* 1*081* 6.329 39^.9
62 31 78.71* 72. 21 1*506 6.765 1*22.1

61* 32 81.28 79- 1*3 1*956 7.216 1*50.3
66 33 83.82 87. 11 51*35 7.681 1*79-3

' 68 31* 86.36 95. 27 59^5 8.161 509.2

70 35 88.90 103 9 6485 8.656 5U0.I

72 36 91.1*1* 113 0 7057 9.165 571.8
71* 37 93.98 122.7 7661 9.689 6oi*.5

76 38 96.52 133.0 8300 10.22 638.1
78 39 99.06 ll*3 .7 8972 IO.78 672.6
80 1*0 101.6 155 ,1 9680 11.3l* 708.0

82 1*1 10U.1 167 .0 101*25 11.92 71*1*. 3
81* 1*2 106.6 179 .5 11206 12.52 781.5
86 !*3 109.2 "192 .7 12026 13.13 819.6
88 1*1* 111.7 206.1* 12885 13.76 858.7
90 1*5 111*.3 220 .8 13783 ll*.l*0 898.6
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(a) COORDINATE SYSTEM.

FIGURE 7. SPHERICAL SHELL HEAT EXCHANGER GEOMETRY,
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FIGURE 7. SPHERICAL SHELL HEAT EXCHANGER GEOMETRY.
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In the preparation of detailed designs for tube bundles for either
spherical or cylindrical annulus types of heat exchangers, the calculation
of flow passage areas, heat transfer surface areas, number of tubes, etc.,
as functions of spacer thickness and tube diameters proves to be rather
time consuming. The charts in Figures 8, 9, and 10 should considerably
simplify such calculations. Figure 8 presents various geometric parameters
in dimensionless form; any consistent set of units is therefore directly
-applicable. Figure 9 presents these parameters for a specific size of tube;
here most of the parameters are dimensional so that conversion is necessary
if different units are desired. Figure 10 gives the number of tubes per
square foot as a function of spacer thickness for various tube diameters.

Sample problems utilizing Figures 8, 9> and 10 are presented below.

Sample problem No. k (Figure 8)

c Suppose the heat exchanger of the previous example to be made up
from rectangular tube bundles, each bundle containing 200 tubes on a
square pitch in a 20 x 10 array. If tube outside diameter D0 = 3/l6",
wall thickness Tw = .020", spacer thickness Tg = .032", find for a
tube bundle:

1) Flow area outside tubes Aq;

2) Flow area inside tubes Ai;

3) Equivalent diameter of flow passage outside tubes De;

*) Heat transfer surface outside tubes SQ

5) Heat transfer surface inside tubes Si;

6) Volume of metal in tube walls Vw.

Solution:

1) Ts/D0 = .171 Aj, = [(20) (.188 +.032)] [(10)(.188 +.032)]
= 9.68 in2.

Figure 8(a) gives AQ/Af = .1*29.

Ao = (9.68) (.k29) = 4.15 m2.

2) Tw/D0 = .107. An interpolation in Figure 8(b) gives

Ai/Af = .355.

Ai = (9-68) (.355) = 3-^ in 2,

3) From Figure 8(c), De/D0 = .lk. BQ = (.71*)(.l88) = .139"

(Note; n on Figure is number of tubes in bundle.)
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Sample problem No. k (Figure 8) (Continued)

Solution:

k) From the previous example, mean length of tube = l/2 (52.3 +

6l.O) = 56.65". Then matrix volume Vm ••- (56.65) (9.68) =

5**8 in3. Figure 8(d) gives S0D0/vm = 2.30.. S0 = (2.30)

(5^*8)/.188 = 6720 in2.

5) From Figure 8(e), S^/^ = 1.1*1, Si = (1.1*1) (51*8)/.l88 -^ '

= 1*120 in2. 7

6) From Figure 8(f), Vw/Vm = .238, Vw = (.238K5W) = I3O.5 in^.

Sample problem No. 5 (Figures 9 and 10)

If the tube bundle in Problem 3 is changed to l/8" tubes with wall
thickness = .020" and spacer thickness = .020", find Aq, Ai, De, S0,
Si, and Vw. Find, also, the number of tubes per square foot of matrix
frontal area.

Solution:

1) Af = [(20) (.125 + .020)] [(10) (.125 + .020)] = k.2 in2
From Figure 9(a), Ao/Af = .1*17, Aq = (1*.2)(.!+17) = 1-75 in2

2) Figure 9("b) gives kjkf = .271, k± = (1*.2)(.271) = l.ll* in2

3) Figure 9(c) gives De = .007I* ft = .089 in.

1*) Vm = (1*.2)(56.65) = 238 in3. From Figure 9(d), f ~~ ^

S0/V^ = 22l* ft"1 = I8.67 in"1,' S0 = (238) (18.67) = 1*1*1*0 in2

5) Figure 9(e) gives Si/vm = 152 ft-1 = 12.67 in"1, Si = (238)

(12.67) = 3015 in2

6) From Figure 9(f), Vw/vm = .3125 Vw = 7!*.!* in3

7) The number of tubes per square foot may be computed from the above
information or it may be determined directly from Figure 10. For
a spacer thickness of .020" and a tube diameter of l/8", Figure
10 gives N/Af = 6860 tubes/ft2.
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VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE PITCH TUBE
BUNDLE AS FUNCTIONS OF RATIO OF SPACER THICKNESS TO

TUBE OUTSIDE DIAMETER.



• •*«

.40
TTTFflT

.48
Ht / r

.36
Tnmmi

f—. 126
4— ten

c •-

11 t 1 * v

.34

nil II rf ffium1 I Jr

Tffl—. 1 76

WT~' 200

.32
| mm JJJn ibH 4

jn T [ |
1111 ]rrn •

.30 •111 I^Lhi 11 i 111 i

PTmftFti
.28

1 lISJ
Tffr

.db

\ IT

.24

.22

.20

.18
hr I IHr

.16

.14

.12

ID m

"PTltttl

S:i||:|i

.2 .3 .4

T. / D„

(b) RATIO OF FLOW AREA INSIDE TUBES TO TUBE MATRIX
FRONTAL AREA.

39

FIGURE 8. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SOUARE PITCH TUBE
BUNDLE AS FUNCTIONS OF RATIO OF SPACER THICKNESS TO

TUBE OUTSIDE DIAMETER.



(c) RATIO OF EOUIVALENT DIAMETER OF FLOW PASSAGE
OUTSIDE TUBES TO TUBE OUTSIDE DIAMETER.
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FIGURE 8. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE PITCH TUBE
BUNDLE AS FUNCTIONS OF RATIO OF SPACER THICKNESS TO

TUBE OUTSIDE DIAMETER.



co

2.6N

2.5

2.4

2.3

2.2

2.1

2.0

1.9

1.7

1.6

1.5

1.4

1.3

r.2
.2 .3 .4 .6

\ I K
(d) RATIO OF PRODUCT OF HEAT TRANSFER SURFACE OUTSIDE

TUBES AND TUBE OUTSIDE DIAMETER TO TUBE MATRIX VOLUME.

41

FIGURE 8. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE PITCH TUBE
BUNDLE AS FUNCTIONS OF RATIO OF SPACER THICKNESS TO

TUBE OUTSIDE DIAMETER.
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(e) RATIO OF PRODUCT OF HEAT TRANSFER SURFACE INSIDE
TUBES AND TUBE INSIDE DIAMETER TO TUBE MATRIX VOLUME.

42

FIGURE 8. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE PITCH TUBE

BUNDLE AS FUNCTIONS OF RATIO OF SPACER THICKNESS TO

TUBE OUTSIDE DIAMETER



.*!•«£- 7TTTT

•40S

.38 IS

.36 ffl§

.34 iim - .2*0 111-

•32lrS

.30 SI

'II .176 l||||||||||||||||||||
||l||||||| .160 llllHllllllillllH:
IIIHIIIII .126 ||||||||||||||||||[:
l| .loo ffm

.28 jffl
• •HtH» Bffl

— .26 S
» ffffl

•24 IS

22 ffl

•2°:ffl

.18 :ffi

.16 ;;|:

.14 ::|:

.12 ::|:

jOuLLU
2 .3 .4 .5

(f) RATIO OF METAL VOLUME IN TUBE WALLS TO TUBE
MATRIX VOLUME.

43

FIGURE 8 CONCLUDED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE PITCH TUBE
BUNDLE AS FUNCTIONS OF RATIO OF SPACER THICKNESS TO
TUBE OUTSIDE DIAMETER.
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FIGURE 9. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SOUARE

PITCH 1/8-INCH-TUBE BUNDLE AS FUNCTIONS OF

SPACER THICKNESS.
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FIGURE 9, CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE
PITCH 1/8-INCH-TUBE BUNDLE AS FUNCTIONS OF
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FIGURE 9. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SOUARE
PITCH 1/8-INCH-TUBE BUNDLE AS FUNCTIONS OF
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FIGURE 9. CONTINUED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE
PITCH 1/8-INCH-TUBE BUNDLE AS FUNCTIONS OF

SPACER THICKNESS.
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FIGURE 9. CONCLUDED. VARIOUS GEOMETRIC PARAMETERS FOR A SQUARE
PITCH l/8-INCH-TUBE BUNDLE AS FUNCTIONS OF
SPACER THICKNESS.



CO

©

M

UJ CM

g

FIGURE 10.

ts, IN. X 10

50

.17
,

UJ

o

.18
UJ

_ -8/16 s

.20
1-

RATIO OF NUMBER OF TUBES TO TUBE MATRIX FRONTAL AREA

AS A FUNCTION OF SPACER THICKNESS.



51

FLUID FLOW AND PRESSURE LOSSES

The state of the art at the time of writing is such that data for the
physical properties of liquid metals and molten salts in the temperature
range of interest is rather difficult to get and in some instances con
tradictory. Thus the calculation of Reynolds'-number, for example, can
often he a most annoying job. Figure 11 gives the best data available
at the time of writing for the kinematic viscosity of some representative
fluids as a function of temperature, as well as a chart from which Reynolds1
number can be determined quickly for flow involving any of these fluids.

Pressure losses in heat exchangers or other system components are a
function of Reynolds' number and dynamic head (or pressure). Figure 12
gives the dynamic pressure as a function of fluid velocity for a variety
of molten metals, fused salts, and water.

The friction factor for flow through smooth tubes is shown as a
function of Reynolds' number in Figure 13. Experimental data (see ORNL-
1215) has shown that this same friction factor can be applied to the
passages between circular tubes on an equivalent diameter basis if tur
bulent flow conditions prevail. The friction factor for flow past
flattened wire tube spacers of the type used in Figure 1 is given in
Figure Ik as a function of Reynolds' number and spacer-thickness to
tube-diameter ratio. The effect of spacer width can be evaluated from
the curve in the upper right-hand corner of Figure. Ik. This curve is
given in the form of a correction factor plotted as a function of spacer
thickness-to-width ratio.

The following problem is given to demonstrate the use of the charts
in this section.

Sample problem No. 6

In the tube bundle of Problem k, sodium at 1200°F flows around the
tubes at 12 ft/sec. Spacers are .032" thick and ,06kn wide with 2 ver
tical and 2 horizontal sets per foot.

Find:

1) Kinematic viscosity of the sodium;

2) Over-ail pressure drop per foot in the tube bundle.

Solution:

1) From Figure 11, V = .0093 ft2/hr.

2) From Problem k, equivalent diameter = .139". Then from Figure

11 for 2/ = .0093, NR/V = J*250. HR = (12) (1*250) = 51,000.
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Sample problem No. 6 (Continued)

Solution:

From Figure 12, dynamic pressure = .77 psi at 12 ft/sec.

From Figure 13, f = .021 at NR = 51,000. From Problem k,

Ts/D0 = .171. Figure lk then gives fs = .66 at NR =

51,000. The spacer thickness to width ratio = .032/.061* =.

.50. Then K = .98 and corrected fs = (.98)(.66) •= .65.

For a one-foot long tube bundle, L/D - -yr^ = 86.3. Then
•139

AP outside tubes = (.021)(86.3) (.77) = 1.1* psi. Spacer

AP = (.65) (1*) (.77) = 2.0 psi. Therefore, over-all AP

= 1.1* + 2.0 = 3.1* psi per foot.
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FIGURE 14. SPACER FRICTION FACTOR AS A FUNCTION OF REYNOLDS'

NUMBER IN THE TUBE BUNDLE.
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BEAT. TRANSFER COEFFICIENT

The calculation of heat transfer coefficients from physical property
data for the fluids of interest for reactor design work is usually a
troublesome task. A set of consistent physical properties was selected
after a careful survey of the literature and heat transfer coefficients
•were calculated from them. These charts are presented in Figures 15
through 18.

Lyons * formula

,0.8 „ 0.8
hD

k »•«« H-]'. [T]
was used for the molten metal heat transfer coefficients in Figures 15(a)
through. 15(f).

Available data for sodium flowing between flat plates with symmetric
heat addition were correlated by

2 h6 r... ,0.8 ,. .. ..,0.800.5 + 0.0,6 |6JL.]- [£Wf]

where twice the plate spacing s replaces tube diameter. The coefficients
in. Figure l6 are computed from this equation.

For the non-metals, McAdams' equation

¥ . 0.0* p^f*[™f8
was used to calculate the heat transfer coefficients in Figures IT and 18.
Figure 17 presents the results for two fused salts. The salts chosen,
HaOH and Flinak, were considered representative of those likely to be used..
Figure 18 is a chart for water.

Physical properties used in computing Figures 15 through 18 are given
in Table 3.
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VELOCITY, FT/3EC

FIGURE 18. HEAT TRANSFER COEFFICIENT FOR WATER IN ROUND TUBES.

NO BOILING.
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Table 3

Physical Properties

(a) Liquid Metals

Metal Temperature °F
c W 0
T~ Hr/Ft£

k BTU/Hr
°F Ft

Na 1300 A3 3^-3

NaK (56$ Na •- kk<f, K) 1300 .70 17.0

NaK..(22$ Na •- 78^ K) 1300 .66 16A

Li 1300 I.29 25.0

Pb 1300 2.7^ 8.7

Bi 1300

(b) Non-Metals

I.85 8.95

Fluid

Flinak:

NaF 11.5 M 1»)
KF 42.0 M #)
LiF 46.5 M $)

NaOH

H20

Temp. °F

1400

800

200

c W H

BTU/Lb °F Lb/Ft3 Lb/Hr Ft

.48

-99

121 5.81

108 6.00

60.2 .Ik

k

BTU/Hr
°F Ft

2.60

..60

,4l
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PERFORMANCE OF A SERIES OF TYPICAL COUHTERFLOW HEAT EXCHANGERS

The complex interrelationships of tube spacing and diameter, tube
length, fluid velocity, etc., make it difficult to visualize the effects
of variations in various parameters. A series of charts, presented in
Figures 19(a) to 19(k), was therefore prepared to show the performance
characteristics of some typical heat exchangers and to aid in the rapid
determination of effects of changes in design conditions. These charts,
were intended as a means for quickly surveying a spectrum of heat ex
changers rather than providing finely detailed information for a finish
ed design. Proportions were chosen to cover the ranges that seemed of
most interest. Pure counterflow was assumed in all cases with the tem

perature drop in the hot fluid equal to the temperature rise in the cold
_fluid. The logarithmic and arithmetic mean temperatures were thus made
equal, to each other and to the local temperature difference. The power
transmitted was set equal to 400,000 KW in a heat exchanger volume of
40 cubic feet.

The charts are applicable to any size of heat exchanger with the
same core matrix geometry directly if power density and temperature rise
correspond to those of the charts, or with a simple correction if power
density or temperature rise or both differ from the chart values. Three
cases in which the desired values of power density or temperature rise
deviate from the chart values present themselves:

1) power density is the same but temperature rise is different;

2) power density is different but temperature rise is the same;

3) both power density and temperature rise are different.

In the first case it is apparent that for a constant power density
the fluid velocities through the heat exchanger must change in inverse
proportions to the temperature rise. Because of the moderately complex
variation of over-all heat transfer coefficient with fluid velocity it
is difficult to state explicitly the effect of velocity changes on
temperature difference. However, because of the way in which the charts
are set up, circumventing this problem becomes relatively simple. The
charts are computed for a constant heat exchanger volume so that the flow
passage area of the exchanger varies in inverse proportions to tube
length with the result that flow velocities are directly proportional to
tube length. Hence, it is possible to select a tube length from the chart
such that the velocities through and around the tubes will correspond to
those in the proposed heat exchanger. The over-all heat transfer coeffi
cients for the proposed and chart heat exchangers are then equal and the
over-all temperature difference may be read directly from the chart at the
new tube length. This new tube length is simply the tube length for the
proposed heat exchanger multiplied by the ratio of the chart temperature
rise to the proposed temperature rise.
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Pressure drop is directly proportional to tube length, so that values
read at the new tube length must be divided by the ratio of the temperature
rises to get the pressure drops corrected to the proposed tube length.

In order to clarify the procedure, a numerical example is given here:

Sample problem No. 7

Given: Flinak to NaK, l/8" tubes, .018" spacing, 4' tube length,
10,000 KW/Ft3, 200° temperature rise.

Find: Pressure drops in both circuits and temperature difference.
Solution: Use Figure 19(b). The chart temperature rise is twice the

given temperature rise, read values at a tube length = 2x4
=•- 8 ft. Then AP inside tubes = 210 psi; AP outside tubes
= 67 psi; AT = 43°F. The pressure drops are for a tube
length twice that of the proposed exchanger; the temperature
difference is correct as read. The final answers then are:

AP inside tubes = l/2 x 210 = 105 psi
AP outside tubes = l/2 x 67 = 33•5 psi

AT = 43°F

For comparison, the figures for a 400°F temperature rise (the chart
value) are:

AP inside tubes = 33 psi
AP outside tubes = 10 psi

AT = 56°F

Case two, in which power density is changed but temperature rise is
kept at the chart value, can be analyzed in a manner similar to that of
case one. For a constant temperature rise, if the power density is mul
tiplied by any factor k the flow velocities must be multiplied by the
same factor k. As in the first case, values for pressure drops and tem
perature difference are therefore read at a tube length k times that of
the proposed exchanger. The pressure drops are then divided by k to get
the corrected values. The temperature difference read from the chart is
that required to transmit 10,000 KW/ft3 at the new velocities. Transmis
sion of 10,000 k KW/ft3, then, requires k times the chart temperature
difference.

The procedure is best illustrated by an example.

Sample problem No. 8

Given: Funak to NaK, 3/16" tubes, .037" spacing, 5' tube length,
400°F temperature rise, 15,000 Kw/ft3.

Find: Pressure drops in both circuits and temperature difference.
Solution: Use Figure 19(i). k = 15,000/10,000 = 1.5- Read

chart at a tube length = 1-5x5 = 7-5 ft. AP inside
tubes = 72 psi; AP outside tubes = 64 psi; AT = l46°F.
Corrected values are:
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AP inside tubes = 72/1.5 = 48 psi

AP outside tubes = 64/1.5 = 42.7 psi

AT = 146 x 1.5 = 2l8°F

The performance for a 10,000 KW/ft3 power density (the chart value) is:

AP inside tubes = 25 psi

AP outside tubes = 21 psi

AT = 187°F

Case three, in which both power density and temperature difference
differ from chart values, can be readily analyzed by combining the proce
dures for cases one and two. Determine a chart tube length from

Chart tube length = (Proposed tube length) xProposed power density/lO 000%
Proposed temperature1 rise/400

Read both pressure drops and the temperature difference at this chart tube
length. Then, the pressure drops in the proposed heat exchanger are given

^AP in proposed heat exchanger =(Chart AP) xApposed temperature rise/400.
Proposed power density/10,000

and the temperature difference is given by

AT in proposed heat exchanger = (Chart AT )x Proposed power density,
10,000

The effect of varying the tube wall thickness has not been taken into
account either in the preparation of the charts of this section nor in the
directions for their extended use. While tube wall thickness changes can
have significant effects, particularly in the liquid-metal to liquid-metal
heat exchangers, the tube wall thickness chosen for the charts probably
will not be too much different in most cases from that likely to be
selected for some new proposed heat exchanger and hence the effect generally
will not be too great.



(a) NA-NAK. I /8" TUBES.

FIGURE 19. PERFORMANCE OF 400.000 KW HEAT EXCHANGER.
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(b) FLINAK-NAK. 1/8" TUBES.

FIGURE 19. PERFORMANCE OF 400,000 KW HEAT EXCHANGER
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(e) FLINAK-H20. 1/8" TUBES.

FIGURE 19. PERFORMANCE OF 400,000 KW HEAT EXCHANGER,
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(g) FUNAK-NA. 1/4" TUBES

FIGURE 19. PERFORMANCE OF 400,000 KW HEAT EXCHANGER.
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FIGURE 19. PERFORMANCE OF 400,000 KW HEAT EXCHANGER,
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FIGURE 19. PERFORMANCE OF 400,000 KW HEAT EXCHANGER.
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