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INTRODUCTION

Heat to be dissipated from water-cooled internal combustion engines
is usually transferred to the atmosphere by means of devices commonly
called radiaters. The medium conveying hcat to the radiator is gen-
erally water, the medium conveying heat away is air.

In this article it is intended to discuss the fundamentals involved
in the transfer of heat from water to the atmosphere in the simplest
type of tubuiar radiator. No attempt will be made to discuss the
effect of the rate of heat transfer when using fins, honeycomb section,
or any type other than the plain tube.

The unit of measiure of heat transfer in heat exchange equipment
is the “Overall Transfer Factor,” which is the heat transferred per
unit area of heat transmitting surface per unit time per unit of tem-
perature difference between the hot and cold fiuids.
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A, =Mean area of heat transfer section based on mean tube diame-
ter (sq. ft.)

Ao = Area of heat transfer seetion on air side (sq. ft.)

A, =Arca of heat trausfer section on water side (sq. ft.)

R =Ratio of outer tube surface (air) to surface of tube at mean
diameter per unit length of tube

R’ =Ratio of inner tube surface (water) to surface of tube at mean
diameter per unit length of tube

2D

B =pta
r o 2d
B =pra

D =OQutside diameter of tube (inches)
d =Inside diameter of tube (inches)

The value of U, for a curved separating wall is:

4k

UVi=bxd nD/d ©)

Substituting equation (6) for the term U, and also substituting in
equation (5) the equivalent values of B and R’, the latter becomes:

1 _(D+d\/ 1 InD/d, 1
'i]‘;—(—‘—'—z )(U',D+m2k +’U:D) (7)

FiLm TrRaxsrerR FAcTOR oN THE LiQuip SipE OF A RADIATOR

Types of fluid flow through tubes
On the liquid side of a radiator heat is carried from the warm water
to the colder tube wall by two methods:

(1) convection
(2) conduction

In the region of turbulent flow, most of the heat is transferred from
the liquid to the tube wall by forced convection. Because of the low
thermal conductivity of fluids, very little heat is transferred from the
center of the stream to the tube wall by conduction. In foreed circu-
lation systems the fluid flow through the radiator is turbulent unless
the tubes are of very small diameter.

In the viscous flow region practically all of the heat is transferred
from the interior of the stream to the tube wall by conduction,
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The rate of heat flow from the water {o the air is retarded by

(a) film resistance on the water side of the tube surface,
(b) thermal resistance of tube,
(¢) film resistance on the air side of the tube.

If we denote the three resistances mentioned above by R., R,, and
R, respectively, we may write the following equation:

Ro=Rw+Rl+Ra (1)

where R,=overall or total heat flow resistance.

Ordinarily, however, the term employed is not thermal resistance
but thermal conductance, which is the reciprocal of resistance. Denoting
thermal conductance by U we may then write:

1 1,1, 1
AT R TR @
where
U, =Overall transfer factor (BTU/sq.ft./°F./hr.)
U, =TFilm transfer factor on water side (BTU/sq.ft./°F./hr.)
U, =Film transfer factor on air side (BTU/sq.ft./°F./hr.)
U =Thermal conductance of separating wall (BTU/sq.ft./°F./hr.)

The value of U, can be readily calculated by the use of -the following
equation:

U¢="—c

, ®)

where
t="Thickness of separating wall (ft.)
k =Thermal conductivity of separating wall material
(BTU/sq.ft./hr./°F. /1t.)

Equation (2) holds when heat is transferred through a body with
parallel heat-transmitting surfaces. In the case of heat flow through
curved surfaces, for example, tube walls, a correction should be made
for the fact that the outer surface per unit length of tube is greater
than the inner surface for the same length of tube. Equation (2) then

becomes:
1 1

1 1
UoAm—UaAa+UlAm+UwAw (4)

or, referred to the mean diameter of the tube, equation (4) becomes:

1 01 1.1
U rTRTTTUTR ®)

where
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The type of fluid flow existing within a tube may be determined by
calculating “Reynolds criterion,” which is defined as follows:

vd Vd

Cr=17s= 0624z &)

where

C.,=Reynolds criterion
C.’=Reynolds critical number (see following paragraph)
v=mean linear velocity of fluid ({t./sec.)
V =mean mass velocity (lbs./sq. ft./sec.)
d =inside diameter of tube (inches)
u=absolute viscosity of fluid at mean stream teniperature (poises)
z=absolute viscosity of fluid at mean stream temperature
(centipoises)
s=density of fluid (numerically equal to the specific gravity of
fluid referred to water at 60° F.) (gram./cc.)

If, upon substitution of the proper values in the above equation,
the numerical result (C,) is greater than 40, the flow is turbulent.
If, on the other hand, the result is less than 25, the flow is non-turbulent
or viscous. In the event that a ratio (C,') having a value between the
just mentioned numbers is obtained, the flow may be either turbulent
or viscous depending to & great extent upon the entrance and exit
conditions of the installation in question and the roughness of the
tube surface.

Film transfer factors for turbulent flow—

Most of the experimental work done on heat transfer covers the
turbulent region for fluid flow inside of tubes. McAdams and Frost
(1922) correlated all the published data and proposed the following
equation for heat transfer existing at turbulent flow:

Ud od \0-798
%-2(37) ®
which is & simplified form of the following equation proposed by Nusselt
(19106): U (
d vd o
Fi(i) (%) a0

where B, =constant
¢=specific heat of fluid (BTU/1b./°F.)
k =therme] conductivity of fluid (BTU/sq. ft./hr./°F./ft.),
and all other terms as mentioned above.
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McAdams and Frost eliminated the third term of equation (10)
because the correlated data fell along the same straight line when
plotted on logarithmic paper according to equation (9). MMost of the
data plotted were results of heat transfer tests conducted with water
flowing through tubes.

Equation (9) was later modified by McAdams and Frost (1924) to
include a correction for the increased heat transfer rate due to turbulence
at the entrance of the tube. This modified equation is as follows:

Sal) () o

where

By =constant
-N =empirical number

r=ratio of tube length to diameter= é
u’ =viscosity of fluid at film temperature (poises)

Upon considering the results of a number of experiments the equation
proposed by the last mentioned authors was:

Ud 50\/ vd \*®
F-507)(7) 42

As mentioned above, in most of the experiments perfcrmed the
fluid used was water and the heat was generally flowing from the tube
to the liquid, i.e., heating the liquid.

Morris and Whitman (1928) conducted a scries of experiments in
which oils having a wide range of viscosities were used. In addition
to this they studied the heat transfer rates for cooling as well as heating
of the liquid flowing through the tube. The result of the investigation
showed that film transfer factors may be expressed by the following

equation: vd v .
29 ¢)

which is of the same form as the Nusselt equation previously men-
tioned, except that mass velocity (Ibs./sq. ft./sec.) is used instead of
linear velocity and absolute viscosity expressed in centi-poises instead
of poises. The two just mentioned variables are Jenoted by “V’" anil
“z" respectively. Figure 1 shows the experinental data of these investi-
gators plotted according to equation (13). It will be noted that there
are two separate groups of points, one for heating hquids and another
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for cooling liquids. As pointed out by Morris and Whitman, the film
transfer factor for cooling a hquid is about 75 per cent of that for
heating a liquid when the comparison is made at the same flow
conditions.
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This variation is no doubt due to the fact that the physical prop-
erties of the fluid particles conveying and conducting heat are different
for the two conditions, even though the mean fluid temperatures are
the same. Perhaps a better procedure would be to plot the film transfer
factors as a function of the various thermal properties of the fluid at
the film teraperature instead of the mean stream temperature.

The curves obtained when using the physical properties of the
fluid at the tube temperature instead of at the mean stream tempera-
ture are in no better agreement than those shown by Morris and Whit-
man, nor is there a better agreement when the physical properties are
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taken at & mean temperature between the tube wall and mean stream
temperatures. In every case a separate curve was obtained for heating
and cooling, in some cases the cooling curve lying above and in some
oases lying below the heating curve, depending entirely upon the
temperature used to determine the physical properties of the liquid.
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In order to obtain a common curve for heating and cooling, it is

suggested to use two different exponents in the term (;—2 " for each
process. Figure 2 shows the plotted results caleulated from Mlorris
and Whitman’s published data, using n equals 0.4 and 0.3 respectively
for heating and cooling a liquid Howing to a tube. Unfortunately, no
other data arc available to test the use of two different exponents for
heating and cooling.

The fluids used by Morris and Whitman in their experiments were
water and oils covering a considerable range of viscositics. Neither
these authors nor MceAdams and Trost showed any experimental valuzs
for gases flowing through tubes.
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In order to determine whether or not the Morris and Whitinan
curve also applies to gases, the published results of a number of investi-
gators using gases in their heat transfer experiments were analyzed
and plotted according to the following equations:

(%)-(%) () a9

n=0.3 for cooling
n=0.4 for heating

where

all other variables as previously defined.

The curves thus obtained for gases are shown in figure 3 together
with others published by McAdams and Frost for liquids. The curves
shown for gas flow cover a range of tube diamecters from 14 inch to
about 6 inches and a temperature range from 60° F. to 1400° F. The
mass velocities varied from 0.2 to 6.6 lbs. per sq. ft. per second. The
pressure within the pipe varied from 1.5 to 190 pounds per sq. inch
absolute. Considering this wide variation in operating conditions, the
agreement of the curves is remarkable, although it is somewhat difficult
to draw a mean curve.

The mean curve shown on figure 3 may be expressed by the following

equation: U4 av
T =19. 5( p ) (L) J5)

where n is the 0.3 and 0.4 for cooling and heating, respectively, as
mentioned above.

The entrance correction factor (1+—5T9) proposed by McAdams and

Frost was omitted by Morris and Whitman in the equation proposed
by the latter. The reason for the omission is that not sufficient data
are available definitely to determine the end correction factor. For the
same reason the factor is also omitted from equation (15).

Film transfer faclor for viscous or non-turbulent flow—
Very little data have been published on heat transfer for viscous
flow. McAdams (1925) published a curve having a slope of about 1/10

when the variable (11\(1>/ (l+—~) 1s plotted against (‘ ]) or, in other

words, U -
A\ 50
s —Bz(—;‘) '(1+"r‘) (16)

No experimental data weie shown to support this equation.
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Some experiments were conducted by Iittus 2t the University of
California (1929) on the heat transier from tubes to liquids in viscous
motion. It was found upon plotting the experimental results according

!

.U Vd . .
to the cquation u=f(»;(> that the latter equation did not hold, but

A z
separate curves were obtained, each of which had a slape of roughly 1/12,
for each diameter tube tested. 1t was apparent that come additional
variables should be included in the above equation in order to obtain
a satisfactory curve. When the experimental data were plotted accord-
ing to Nusselt’s equation (10), the results again did not fall aleng the
garae curve. Upon including the additional variables, specifie heat and
temperature difference. the following equation was derived by the
application of the principle of dimensional homogeneity:

7160 (%) )] n

where A=logarithmic mean temperature difference between tube and
liquid, and all other terms are the same as mentioned before.

By combining the variables in equation (17) in a particular manner,
it was possible to derive a new group of variables, which caused all
experimental points to fall along the same curve when plotted
accordingly.

The final equation proposed is as follows:

. /: ) 1/12
v=mi2)" o e (20) s

Further information on heat tran<fer in the viscous or non-turbulent
flow region is available in an article published by Thomas and Wadlow
(1929) on the heat transfer performance of tubular radiators for auto-
mobiles. These investigators determined the overall transfer from water
to air by maintaining a constant water velocity and varving the air
velocity in one set of experiments and reversing the procedure in
another set of experiments. These tests covered both the turbulent
and the non-turbulent or viscous flow on the water side of the radiator
tubes. Because of the method cmployved of varving only one of either
the air or water velocity, it is possible to calculate the film transfer
factors from the overall transfer factors. The results are shown in
figure 4.

It will be noted upon reviewing fizure 4 that results calculated
from Thomas and Wadlow’s data do not agree with the test: of Dittus.
The reason for this may be that in the latter tesis every effort was
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made to eliminate turbulence due to entrance and exit disturbances,
while in the foriner tests no such precaution was observed. For this
reason, turbulence existed at the entrance to the radiator tubces, which
may have resulted in a higher overall transfer factor.

It will be remembered that McAdams and Frost suggested an end
correction factor for the case of turbulent flow.

Upon applying the same correction factors (H—%’) to the results

calculated from Thomas’ and Wadlow’s data and plotting the values
thus corrected, it was found that the plotted points coincided remark-
ably well with those reported by Dittus (1929), as is shown in figure 5.

The equation now proposed for heat transfer existing at viscous
flow is as follows:

kA vd \112 50
U=20(—(7) - -c(- u—/s) : (1+7) (19)

As mentioned above, in the tests conducted by Dittus provisions
were made to climinate all disturbance due to entrance conditions.
For that particular case the term r then becomes infinite and equation
(19) will be the same as equation (18).

It is true that the introduction of the end correction term is based on
rather meager data, but until more data are available, it is advisable
to employ the McAdams and Frost end correction factor as shown in
equation (19).

FiLM TransrFER FacToR wiTH FLow TRANSVERSE T0 TUBES

Single row of tubes—

Much work has been done on heat transfer from cylinders to fluids
and vice versa with flow at right angles to the cylinder. Some experi-
ments have been conducted with heated wires moving at a fixed velocity
through liquids or air in order to obtain a relation of heat transmission
and relative velocity and thus calibrate the device for velocity measure-
ments. Some work has also been done with air flow transverse to tubes.
The most recent data of the latter type of tests are those published by
Reiher (1925) in which hot air was cooled by flowing transverse to cold
tubes. Reciher proposed the following equation:

which may also be expressed as follows:

15
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vy =average velocity between two adjacent tubes (ft. /sec.)
Vy =average mass velocity between two adjacent tubes
(Ibs./sq. ft./sec.)
D =outside diamcter of tubes (inches)
= absolute viscosity of fluid at mean of tube and fluid temperature
(poises)
2. =absolute viscosity of fluid at mean of tube and fluid temperature
(centi-poises)
ka~=thermal conductivity of fluid at mean of fluid and tube tem-
peratures (BTU/sq. ft./hr./°F./ft.)
cn=specific heat of fluid at mean of fluid and tube temperature
(BTU/Ib./°F.).
8n=density of fluid at mean of fluid and tube temperature (gr./cc.)

and all other terms are as mentioned before.
The term V), may be calculated as follows:

b

V=V, - b___"'_:é (22)
4
also Vo=V - ”‘bD (23)

where
V.=mass velocity of gas just before entering tube bundle
(Ibs./sq. it./sec.)
Vmez=Inaximum mass velocity of gas between two adjacent tubes
(ibs./sq. ft./sec.) ]
b=center to center spacing of tubes (inches)
D=outside diameter of tubes (inches)

Using the term Vy, instead of either V, or V.. eliminates the use
of another group of variables involving the ratio of tube spacing to
tube diameter. Reiher found that upon plotting all his experimental
data in that manner, all points fell along the same straicht line.

The data of several experiinenters are plotted in thst manner in
figure 6. It will be noted that peints obtained with air Howing at right
angles to the cylinder fall along the same curve, while the points on-
tained from experunents using oil and water instead of air formed
scparate curves depending upon the hquid used.

Expressing each curve according to the following equation:

LD=B3<X'r.\I Il)n (24)

km Zm
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it was found that the constant B; could be plotted as a function of the
term (-C-Zf-'—" ) and varied as the one-third power of the last-mentioned

group of variables.
Because of this fact all data were replotted as shown in figure 7
according to the following equation:

UD_ Ve D\ CmZm /3
’E.—"f( zn ) ( k,,) (25)
Upon reviewing figure 7 it will be noted that all points, regardless

of whether tests were conducted with water, oil, or air, fall along the
V.\ID

m

is less than 0.25 the line has a slope of 0.4 while for the region above
that the line has a slope of about 0.56. Apparently there is a change
of film conditions at the intersection of the two curves. The equations
for heat transfer with fluid flow at right angles to cylinders may then
be written as follows:

same curve. It will furthermore be noted that for the region where

(a) for V—:’B <0.25

UD VauD\°4f emzm \'/?
2 g3 L CnZm (26)
=8 20) (5%)
®) for Y22 5 0.25
Ub D /
UD_ Vi 0% [ Cnzm 1/3
z —105(_ o ) ( k....) @7

Several rows of tubes—

A series of tests for the determination of heat transfer when
several rows of tubes are involved were made by Rether. In all
these experiments the heat transfer took place from tubes to air;
no data are available from experiments in which liquids were used.
Furthermore, all of Reiher’s results are for the region where YuD

m

is greater than 0.25 so that ne data are available at all for several rows
of tubes in the region where the just mentioned criterion is less than 0.25.
Until experiments prove otherwise, it may be asswned that Reiher's
equation applying to air flow only may be modified to include liquid
Comm 173
ke
equations for single tubes. The modified cquations applying to sceveral

flow by introducing the term as was done in the case of the

rows of tubces for the region where (L:I D

m

) is greater than 0.25 are as
follows:
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(1) Staggered rows of tubes:

7 (4 /3
2rows,————=53 """D L ()
km k,,
3 I‘O“a,-—‘—-—GO(V s D>° . (C;’"‘)l/s
4rov~s, L,,. =03 ( ) . (k...)
4 0.69 1/8
5 rows, _(_]_2_69(————-‘ "'“'D) . (f’l':ﬁ)

(2) Rows of tubes directly behind each other:

0.65¢ /
2 rows, UD=55 (——-—V'""'D) . (c.,.z,,)‘ :
ke Zm b
T 7 0.654 1/8
3 rows, — UD 57(————-‘ "'"'D) . (3'"—2-'3
k zm k'l
K ” /
4 rows, UD-—58 Vinas DY (Cnzm )1
Ln zm kll
7 . 2 n
5 rows, y—g=59 Vo DY (nzn'
km Zm km

(28)
(29)
(30)

629

(32)
(33)
(34)

(35)

It should be noted'that in the two last mentioned groups of equa-
tions the term V... instead of Vi, is used. Just why .this was done
is not explained in Reiher’s paper; unless he assumes that in heat
exchange equipment, when several rows of tubes are used, the bulk
of the heat transfer takes place at the point of maximum velocity.
Reiher also states that the above equations are valid only when the
tubes are fairly close together.
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DISCUSSION AND CONCLUSIONS

Analysis of published data on heat transfer in tubular radiators
indicates that a large part of the total resistance to heat flow is duc to
the relatively low film transfer factors on the air side of the tubes.
For this reason, any attempt to increase the overall transfer factor in
radiators should begin by improving the film transfer factor on the air
gide of the tube. Some improvements may also be made by decreasing
the film resistance on the liquid side of the tubes, although the total
gain will be slight unless the air film transier factor is increased materially
at the same time. The film transfer factor on the liquid side of a tubular
radiator may be calculated readily with the aid of the equations (15)
and (19) according as the flow is turbulent or non-turbulent respectively.

The critical point at which the flow within a tube changes from
non-turbulent to turbulent may be determined by application of Rey-
nolds ciiterion listed as equation (8).

It appears that there is also a critical region for flow transverse to
tubes at which the flow changes from non-turbulent or viscous to
turbulent; this is clearly shown in figure 7. The change of flow from
non-turbulent to turbulent appears to take place at the point where

(V;"D) is equal to 0.25.

For the non-turbulent or viscous region of flow transverse to tubes
the film transfer factor for single rows of tubes is expressed by equation
(26) while for the turbulent region equation (27) applies.

The filin transfer factor for turbulent flow transverse to several
successive rows of tubes may be calculated with the aid of the modified
Reiher’s equations, listed in this paper as numbers 28 to 33 inclusive.
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