
INT. ~IMM. HEAT MASS TRANSFER 0735-1933/85 $3.00 + . 00 
Vol. 12, pp. 3-22, 1985 ©Pergamon Press Ltd. Printed in the United States 

HEAT 

q 

TRANSFER IN AUTOMOBILE 

OF THE TUBULAR TYPE 

RADIATORS 

BY 

F.  W. D I T T U S  Asp L. M. K.  B O E L T E E  

CONTENTS 
PAGZ 

Introduction ............................................................................................................................ 443 
Fi lm t ransfer  factors  on the  liquid side of a rad ia to r  ................................................ 445 

Types  of fluid flow through tubes ............................................................................. 445 
Fi lm t r a n s f e r  factors  for turbulent  flow .................................................................... 446 
Filra t r ans fe r  factors  for viscous or non-turbulent  flow ...................................... 450 

F i lm t ransfer  fac tors  wi th  fluid flow t ransverse  to tubes  ........................................ 454 
Single row of tubes  .......................................................................................................... 454 
Several  rows of tubes  ...................................................................................................... 457 

(1) S taggered  rows of tubes .................................................................................. 458 
(2) Rows  of tubes  d i rec t ly  behind each o the r  .................................................. 458 

Discussion and  conclusions ............................................................................................... 459 
Bibliography .......................................................................................................................... 460 

INTRODUCTION 

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

In this article it is intended to discuss the fundamentals invoh,ed 
in the transfer of heat from water to the atmosphere in the simplest 
type of tubular radiator. No attempt will be made tG discuss the 
effect of the rate of heat transfer when using fins, honeycomb section, 
or any type other than the plain t,,~'be. 

The unit of measure 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 fluids. 
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A , = M e a n  area of heat transh.r section based on me,~n tube diame- 
ter (sq. ft.) 

A,  =Area  of heat transfer section on air side (sq. ft.) 
Aw =Area  of heat tr:msfer section on water side (sq. ft.) 
R =Ra t io  of outer tube surface (air) to surface of tube at mean 

diameter per unit length of tube 
R' =Ra t io  of inner tube surf:~ce (water) to surface of tube at mean 

diameter per u~,it length of tube 
2D 

R = ~  D+d 
2d 

D+d 
D =Outside diameter of tube (inches) 
d =Inside diameter of tube (inches) 

The value of Ut for a curved separating wall is: 

4k 
U, ffi (D+d) In D/d (6) 

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

1 { D + d ~ [  1 , lnD/d ,  1 '~ 
U-- = / k-U ,D (7) 

FILM TRANSFER ~ACTOR ON THE LIOUID SIDE 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 convectiom 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 forced 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 thc interior of the stream to the tube wall by conduction. 
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The rate of heat flow from the water to the air is retarded by 

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

If we denote the thrce resistances mentioned above by R~, R,, and 
Ro, respectively, wc may write the following equation: 

Ro=R~+R,+R° (1) 

where Ro= 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 (2) 
where 

Uo = Overall transfer factor (BTU/sq.ft./°F./hr.) 
U~,=Film transfer factor on water side (BTU/sq.ft./°F./hr.) 
Uo =Fi lm transfer factor on air side (BTU/sq.ft./°F./hr.) 
Ut --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: 

(3) 
where 

t = Thickness of separating wall (ft.) 
k = Thermal conductivity of separating wall materiM 

(BTU/sq.ft./hr./°F./ft.) 

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 
V,u4= = U,A,  ~ U,~A, (4) 

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

1 1 1 1 
V. = U . R + g  (51 

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: 

C , =  t,._d~ = Vd 
u/s 0.624z (8) 

where 

6', = Reynolds criterion 
C / =  Reynolds critical number (see following paragraph) 

v=mean linear velocity of fluid (ft./see.) 
V=mean  mass velocity (lbs./sq. ft./see.) 
d=inside diameter of tube (inches) 
u =absolute viscosity of fluid at mean stream temperature (poises) 
z = absolute viscosity of fluid at mean stream temperature 

(centipoises) 
s=densi ty  of fluid (numerically equal to the specific gravity of 

fluid referred to Water at 60 ° F.) (gram./ce.) 

If, upon substitution of the proper values ha the above equation, 
the numerical result (C,) is greater than 40, the flow is turbulent. 
If, on the other hand, the rcsuh is less th~n 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 a 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 _ / t,d \o.7~ 
T (9) 

which is a simplified form of the following equation proposed by Nusselt 
(1910) : 

Ud . /  vd \ (c,,) (10) 
T 

where Bl = constant 
c = spcciSc heat of fluid (BTU/lb./°F.) 
k = thermal conductivhy of fluid (BTU/sq. ft . /hr./°F./ft .) ,  

and all other terms as mentioned above. 



Vol. 12, No. 1 HEAT TRANSFER IN AUT(IV~BILE RADIATORS 7 

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). Most 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: 

Ud N 

where 

B, = constant 
• N--  empirical number 

l 
r--ratio of tube length to diameter-- a 

u'=viseosity of fluid at film temperature (poises) 

(11) 

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

Vd Mx+5oV ,,,z 
-\ r/ku / (12) 

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

Morris and Whitman (1928) conducted a series 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 expres~d by the following 
equation: 

Ud . / V d \  (13) 

which is of the same form as the Nusselt equation previously men- 
tioned, except that mass velocity (lbs./sq. ft./see.) is used instead of 
linear velocity and absolute viscosity expressed in ce:~ti-poi~s instead 
of poises. The two just mentioned variables arc denoted by "V" and 
"z" respectively. Figurc 1 shows the expcrbnental data of these investi- 
gatom plotted according to equation (13). It will be noted that there 
are two separate groups of pohats, one for heating liquids and another 
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for cooling liquids. As pointed out by Morris a .d  Whitman, the film 
transfer factor for cooling a liquid is about 75 per cent of that  for 
heating a liquid when the comparison is made at the same flow 

conditions. 

Fig. 1 

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 proc¢,durc would be to plot the fihn transfer 
factors a~ a function of the various thermal properties of the fluid at 
the fihn temperature instead of the mean stream temperature. 

The curves obtained when usin~ 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 sgreement when the physical properties are 
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taken at  a mean temperature." between the tube wall and mean stream 
temperatures. In every case a separate curve was obtained for heatin~ 
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. 

tg - - -  

F i g .  2 " ' • " 

In order to obtain a common curve for heating and cooling, it is 

suggesl~ed to use two different, exponents in the term for each 

process. Figure 2 shows the plotted results calculated from Morris 
and Whitnmn's published data, using n equals 0.4 aml 0.3 respectively 
for heating and cooling a liquid ttowme to a tube. Unfortmmtely, no 
other data are available to test the use of two different exponents for 
heating and cooling. 

The tluids used by Morris and Whitman in their experiments were 
water and oils covering a conside,'able ranae of viscosities. Neither 
these authors nor McAdams and Frost, showed any experimental Yalues 
for gases flowing through tubes. 
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In order to delermi,e whether or not the Morris and Whitman 
curve also applies to gase.% the put,lished results of a number of investi- 
gators using gases in their heat transfer experiments were analyT~,d 
and plotted according to the following equations: 

where 
n = 0.3 for cooling 
n =0.4 for heating 

all other variables as previously defined. 

The curves thus obtained for gase.~: arc 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 diameters from ~ 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: 

Ud=  9.5 85) 
T V7/ 

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

The entrance correction factor (1 + ~ )  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 cnd correction factor. For the 
same reason the factor is also omitted from equatioa (15). 

Film transfer ]actor for riscous or non-turbulent flow--- 

Very little data have been published on heat transfer for ~qscous 
flow. McAdams (1925) published a curve having a slope of about 1/10 

when the variable ( ! ~ ) / ( 1  +'-5~) is plo:~ed against ( - ~ )  or, in other 

words, 
Ud _ /Vd\mO 

:No experimental data wePe shown to support this equation. 
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Some experiments were comlucl<,d tw ]]iitus at the Uni'.'~.~,<it,,' of 
Califon~ia (1929) on the heat trans,'or from tubes to liquids iu viscous 
nmtion. It was found upon plotting the experimental results according 

to the equation -~; =. T that the latter equation did not hold, but  

separate curves were obtains,d, each of which had a slop<, of roughly 1/12, 
for each diameter tub(, tested. ]t wns apparent that some additional 
variables should be included in the above equation in order to obtain 
a satisfactory curve. When tiw experimental data were plotte.d accord- 
ing to Nusselt's equation (10), the resuhs again (lid not fall along the 
same curve. Upon including the additional variables, specific heat and 
temlx, rature difference, the following equation was derived by the 
applicalion of the principle of dimensional homogeneity: 

ve zig (e,% (17) 

where A=logarithmie 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: 

fa% ( U=2Ok,~} '/' .svs-c" kfi'~] (18) 

Further information on heat transfer in the viscous or non-turbulent 
flow region is avail.able 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 transi'er from water 
to air by maintaining a constant water velocity and varying 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 t.be water ~ide of the radiator 
tubes. Because of the method employed of varying only one of either 
the air or water velocity, it is possible to calculate the fihn transfer 
factors from the overall transfer factors. The results are shown in 
figure 4. 

It will be noted upon reviewing figure 4 that results ealcub, ted 
from Thomas and Wadlow's data do not agree wi'& the test~, of Dittus. 
The reason for this may be that in the latter tests every effort was 
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macle to elhninatc~ turbulence due to entrance and exit disturbances, 
while in the former tcst~ no such precaution was obs,,rved. For this 
reason, turbulence existed at the entrance to the radiator tubes, which 
may have resulted in a higher overall transfer factor. 

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

applying the same correction fact0rs ( 1 + ~ ) t o  the results Upon 

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: 

< 
As mentioned above, in the tests conducted by Dittus provisions 

were made to eliminate 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). 

I t  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 TRANSFER FACTOR WITH FLOW TRANSVERSE 1"0 TUBES 

Single row of tubes-- 

Much work has been done on heat transfer from cylinders to fluids 
and vic4 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. Reiher proposed the following equation: 

UD _ VMD 

which may also be expressed as follows: 
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= ( 2 1 )  
k,  

where 
vu =average velocity between two adjacent tubes (ft./see.) 

V~ = average mass velocity between two adjacent tubes 
0bs./sq. ft./see.) 

D=outs ide  diameter of tubes (inches) 
u,, = absolute viscosity of fluid at mean of tube and fluid temperature 

(poises) 
z .  = absolute viscosity of fluid at mean of tube and fluid temperature 

(centi-poises) 
k,,, = thermal conductivity of fluid at mean of fluid and tube tern- 

• , ic /~ peratures (BTU/sq. ft., hr ,  1"./~t.) 
c,=speciflc heat of fluid at mean of fluid and tube temperature 

(BTU/Ib./°F.). 
s ,=dens i ty  of fluid at mean of fluid and tube temperature (gr./ec.) 

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

b 
V~ = Vo • ~rD (22) 

b ~  
4 

b - D  
also V° = V.,o~ • b (23) 

where 

V ° - - m a s s  velocity of gas just before entering tube bundle 
(lbs./sq. ft./see.) 

V,~,=maximum mass velocity of gas between two adjacent tubes 
(lbs./sq. ft./see.) 

b = center to center spacing of tulles (inches) 
D=outs ide  diameter of tubes (inches) 

Using.  the teml V.~t instead of either Vo 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 straight line. 

The data of several experiment.ers are plotted in tlmt manner in 
figure 6. It will be noted that. poims obtained ~ith air flowir.~z at ri~l,t 
angles to the cylinder fall along the same curve, while the point~ ob- 
tained from experhnents using oil and water instead of air formed 
separate curves depc:~ding upon the liquid used. 

Expressing each curve according to the following equation: 

k. -1 
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it was found that the constant Bs could be plotted as a function of the 
[c=z,~ 

term k-k~- ] and varied as tl,e one-third power of thc last-mentioned 

group of variables. 

Because of this fact all data were replotted as shown in figure 7 
~ccording to the following equation: 

UD V M D " c , . z~  t/~ 

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 

mune curve. I t  will furthermore be noted that for the region where V.~s D 
Zm 

is less than 0.25 the line has a slope of 0.4 while for the region above 
tha t  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: 

(a) for VMD-<0.25 
Zm 

UDffi83[VMD~°"/c~z.~'/~ (26) 
k-Z:-. / 

(b) for VMD > 0.25 
Zm 

up  os(V,,Dy , (27) 
"k,, = X z ,  / " \ k , ]  

Several rows of tubes-- 
A series of tests for the determination of heat transfer when 

~vera l  rows of tubes are involved were made by Reiher. 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 VMD 
Zm 

is greater than 0.25 so that no data are available at all for sevcral rows 
of tubes in the region where the just mentioned criterion is less than 0.25. 

Until experiments prove otiaerwise, it may be assmned that Reihcr's 
equation applying to air flow only may bc modified to include liquid 

flow by introducing the term \ k~ ] as was done in the c,-,sc of the 

equations for single tubes. The modified cqmttions applying to several 

rows of tubes for the rcgion whcre ( ~ )  is greater than O.25 are as 

follows: 
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(1) Staggered rows of tubes: 

3 ro,,'~, ~ = k ~ /  " k~-:-. ] 

up j v  ....  y0, 
4rows, w =  \ - 7 j - .  / • \~.~1 (30> 

5 rows, ;~, = \ ~ /  (31) 

(2) Rows of tubes directly behind each other: 

UD 55/V.o. D'~ °'~ c,,,z,,, in 2 rows,-~-= \ ~ /  - ( ~ )  (32) 

UD=57[V"°'D'~°'" [ c~z'''~'/3 (33) 3rows, k. \ z.  / ' \--~-'.] 

up MV.o.Dy.  
4 rows, W =  \ ~ /  " \ k.-k~--/ (34) 

5 rows,-L-. \ ~- / k~'---~/ (35) 

It should be noted' that in the two last mentioned groups of equa- 
tions the term V~o,. instead of VM,o~ 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 

I 

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 l~elativcly 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 
aide 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 tr:ms/er 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 ciitcrion 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 

-"~-  ] 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 e×pre.~ed by equation 
(26) while for the turbulent region equation (27) applies. 

The film 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 35 inclusive. 
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