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CALCULATION OF TUBULAR RADIATORS OF THE AUTOMOBILE TYPE. *
" By L Richter.

The ccoling capacity of automobile and airplane radiators
has, hitherto, had to be determined experigentally for each par-
ticular type andg, indeed; for evéry change in the dimensions
and in the velocity of the air, since, in spite of valuable re-
searches, no reliable general method of calculation was known,**

We propose to show how to calculate ﬁhe cooling capacity
of all radiators through which the air flows in separate stream-
lets, whethe: enclosed in actual tubes or not and whatever
cross—sectionallshape the tubes may have.*** The first part
will give the fundamental rrinciples for calculating velocity
of the air in the tubes and the heat exchange by radiation,

conduction and convection, and show, by examples, the agrsement

" of the calculation with axperiments,**** In the second part,

the effect of the dimensions and conditions of operation on

the heat exchange will be systematically investigated.

* From "Zeitschrift fur angewandte Mathematik und Mechanik,"
August, 1935, pp. 2393-313.

"
** Dulaz, "Yuhlung und Fuhler fur Flugmotoren," Rerlin, 1930;
Praetorius, "Die ¥uhlung lzichter 1 erorennungsmotoren," Rerlin,

1521,

*** Pulz, above reference, p,73. According to this definition,
the Ioilow1np 1nvest1gat10n also includes the so-called ribbed
or gil.ed raﬂlauors. *

**** This section contains the essential portion of the writer's
grajuation Jissertation at the Dresden Technical High School,
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CALCULATION PRINCIPLLS AND EXAMPLES,

1, Vélocity of the air in the radistor.- The radiator is

supposed to be subjected to an air stream of the same cross-
section as the face of the radiator ani flowing everywhere paral-
lel to the axes of the air tubes. The angle between the air
stream an? the radiator face is assumed to differ but little from
a right angle. If

Fgt 1is the area of the radiator face in m?,

Fe is the total free cross-section of the air intake,

F,, Fo...Fp 1is the total frese cross-section of the inside
air passages at different distances from the radiator face and

if A
Fy 1is the total fres cross-section of the air exit, then

the air permeability of the radiator is represented by the. ratios
Y = Fg/Fgt, @, = Fn/Fgy -~ and @g = Fy/Fgt.
The radiator consists of n 1like tubes of the length ! (in m)

and of either constant or variable cross-section and is charac-

“terized by the interior cross-sectional -area f and its circum-

ference u or the equivalent diameter,
d =4 f/u (1)

The latter is weasured in mm, unless otherwise stated and is, for
the circular cross-ssction, equal to the ceometric diameter.
For a sqguare cross-section, & <equals one side of the square,

The free air strsar in front of the radiator .has the rela-
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tive velocity We. The air in the entrance cross-section has
the mean relative velocity W,. 1In the cross-sections F,, &,

T F, oand behind the radiator, the air stream has theé re—

spective relative velocities w,, W oo Wy, Wy and Wy, all
measured in m/s. The disturbance of the flow by the fan, er1—
gine and other obstructions, either in front of or behind the
radiator, which are difficult to determine mathematically, was
disregarded, as likewise any negative pressure behind the radi-
ator due to the manner of installing.

The energy of the air stream in front of‘the radiator is
partially lost during the entrance, passage through the radia-

tor and exit and is partially retained in the emerging air

stream. For 1 kg of air, we accordingly have*

72 w2 on. AL, Wa? o WR L
= {, €+ TRy W& LL 4 ¢, Za— 4 Hh (2)
2g ®2g L, P ayTrzgtIg

Furthermore, we have the contimuity equations

/
Wo = (W/FIW = (9, /9)W,,  Wo=(F,/F )W, =(9, /0 )W, (5
Wy = (F /)Wy 0o e Wy=(F, /FS,G)W1 =9 W,
from which we obtain
......... R
W, = L _ (4)
9,2 no Al 7 Fy ¥ 9,2 2
(e =2 + 353 B, B2(=2) 4 o+ 9
e;p; Li=1 ﬁl i< i/ cac")‘az *

* Only approximate, because it is assumed that the static nres—
sure in the free air stream before and immediately behind the
radiator is the same. The later examples demonstrate the cor-
Tectness of this assumption. '
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and also the values of W, and W,...Wn.

For tubes of constant cross-section

Fe.':F‘l = e s =Fn =Fa=F
P @ - =P = P, =@, =9 ,
1¥ T2 T ti0es = T = T a and therefore the
passage velocity i,
- . ‘
W = L (4a)

v/ e+ 23g B 1/d + Ly + ¢°

The  coefficients (g and {o for a sudien contraction or
expansion (HUtte I, 24th edition, pp, 376 and 380) and 2 for
the ehergy of the air behind the radiator, as likewise the sum
e + o + © are combined in Fig, 1,

We have, according to Fritzsche,*
-0-269 - 148

R =5.024 (y W) ° (5)

in which Y derotes the mean specific gravity of the air in the
radiator in kg/m . By introducing this and g = 9.81 into for-

mula (4&) we obtain

f

W =
v/ﬁe + €g + 0% +118,1 (y W)

(4v)

-0+ 138 _-1.269
d

l

* H&tte I, 24th edition, p.538. According to this, we hage, for
the pressure loss in meters of the fluid column, h = B W° 1/4
with d inmm, 1 inm3ters and W in m/s, while, for smooth
tubes, we would have h = s L/D with D inom, 1 inm, v
in em/s, ¢ in om/82® and A\ = A(&%?l with the kinetic viscosity
vV in cm®/s. o .
¥or like tube dimensions and pressure losses, we would thus ob-
tain )\ = C.01988 B, ’
According to Blasius Qrbe ck Frorm

A= 0.216 0,242 0.399
n= 0,35 0.224 0,37

(Cont. on next page)
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The specific gravity of the entering air may be substituted

for vy without serious error. In the first apogyoximation, W

may be substituted for Wg and the value of W De calculated
from formla (4), (4a) or (4b). By putting the value thus ob-
tained under the radical.again, we obtain the value of .

with sufficient accuracy.

In Table I, according to foreign experiments,* the values’
for the valocity W in the radiator tubeé, as obtained from
the velocity of the air behind the radiator and the continmuity
equation W = Xh @ are compared with the values obtained
from formula (4) and show a good agreement with the experiments.
The gre&fer deviation in line 19 (16%) is probably due to the

”

transition from vortical to laminar flow and in line 223 (19.6&%)

to an experimental error.

(Continuation of footnote from p.4.)

For comparlng the different formulas, ) or 0.01983B is nlot-
ted in Fig. 2 for & tube of & mm dlumbtnr at an air pressure of
7%5.5 wm Hg, 300C, SpCCIflC gravity v = 1. 13 kg/v® and a ¥i-
netic VlSCOSluy v 0.165 for air velocities between 2 and
50 m/s. Velocities of less than 5 m/s, however, lie below the
critical velocity.

The ciagram QCMOnStIatOS that thc loss by friction may de
charactcrized,  according to Fritzsche's formuila, as that of 2
slightly rough *ubc ﬂhﬂrcby the approximation to a quadratic
function of thc »ressurc TOSs is charactcristic of the vglocity,
as was also found in Fromm's oxperiments ("Zeitschrift fur ange-
wandte Iathcmatik und Hechanik," 1923, p.339). This was also
(togothcr with the convenience of the formula and the z00d
agrcoment of the valucs obtainod by its use for the ve1001ty in
tho tubes with the ¢oxoe arimental rosults) the rc“son why it was
rotoined in soite of thcorctical deficicney (See Fromm, abova

rcfereance, p. 043) sincc, morcover, the "rouvqness" could not
yot bo c“t“rnlncd numbrlcally
* Yon ‘ODHJOLf "Untersuchung von Automobilkihlern®" in "Eitteil-
ungaon uber Forschungsarbc1t“n " H0.23, a rcport on radiator ex—
pcrlmonts at the Vienna Enginc ¥Works.
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The derived Gata, in fact, apply accurately only to a vor-
tical flow. Fig. 3 shows, for air at 1 atm. and 20°C in tubes
Qf different diameters, the critical velocities (Eltte I, 34%h
edition, ».538), below which we may.éxpect deviations from the
calculated values, =2l1though on account of the shortness of the
tubecs, the vortices in tho inflowing air cannot yet come to
rest. The velocities in automobilc radiators probably lie,

o

cver, « in the regi 1c vortica w nat the
howcver, mostly the region of thc vort 1 flow, so that ¢

-

given equations may be used without hesitation.

2. Heat transferonce by radiation.— How the order of magni-

tude of the ratic of the radiatcd heat fo-thé total amount of
heat transferred can be determined, will be shown with a Doimler
V radiator, 300 mm deep,” which will also be used further os an
example.

From a surface element 4 F, thére will be transferred,

by rodiation per unit of time, the heat

1/c = 1/ + (1/6 - 1/0) 25 (7
2

wherein, according to Nusselt,**

* Vigano ¥ngine Works (See Pulz, previous reference, p.44, and
"Yotorwogen," XXIII/7, 10.

¥* Nussclt, "Der Yaracibergong in der Gesmnschine" in "Hittell-
ungen ubcr Forschungsarbeitcen," No. 2384, p. 7.
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C, is the cocfficient of radiction of the heat-giving body,
C, is tho coefficient of radiation of the surrounding mediun,
C is 4.7, thc cocfficient of radiation of the absolutzsly

olack body,
LF, is. the radiating surface,
E is the surfoce receiving the radiations.

TW' is the absolute temperature of the radiator wall, devendent
: on the position of -the surfzce clcment, and

To is the aobsolute temperature of the surrounding medium.

Ty 1is, at most, cqual to the temperature of the circum-
fluent water. For the approximote calculation of the heat radi-
ated from the lateral, front and inner surfaces of the tuocs,
on the assumption of a linear tcumpcrature fall in the direction

Vg

of the water flow, we put

TW = T?‘!E — ey (1_;)
TW? is tho entrance termperaturc of the water,
E A
0= Tym — Twa (9)

h

the temperature drop Ty, the exit termerature of the water
I Fagh ] t‘IA =

2
h the height of the radiator or (in radiators in which the
water Goes not flow vertically) the disténce between the en—
trance ¢nd exit and y the vertical distance between the given
surface clement and the water entrance.

If we introduce ccuation (8)-into equation (6) and inte-

gratc dotwoen O and b, - we thon obtain, for radiators with rec-
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tangular front and uniform depth, tho total heat radiated from

surfaces with variable temperature

, I ; 3.3 4 4
Qgt™ ©/100%IF, [Type-2 Tyrah +2 Tynb, - Ty €0 +£6%0°-T *1 (10)

If we imagine the radiator, surrounded by a relatively
large spherc, then some parallel of the spiherical surface F,
will closely correspond to each_portion of thc outer surface of
the radiator. On the other hand, however, the radiation from
the tubes, through their own walls, is limited.

To the surface clement d £, = u d x (Fig. 4), there cor-
responds only a fully capable radiation clement & fhi =
sina d& f,, which radiates through an end scction on to a nar-
allel clement of the sphere in such manner that the maximm
angle o is given by the distance d& of the portion of fhe sur-
face from the oﬁposite surface and the distance x of the sur-

face elcment from the front wall of the radiator:

‘sina = a - (11)

x/ x° +-E.5-

¢

By intcgration over the length of the tube, whercby the
velue, corresponding to thc two openings of the tube, is to be
introducad double, wec obtoin, as the ecquivalent radiating sur-

face for the core consisting of n tubes,

Fo,=nf =nuarc tan 1/d (12)

On the radiator "Deimler V, 200 mm deep," the upper surface,



i.A.0.,4. Technical Memorszndum No. 344 g

0.485 x 0.3 = 0.097 2@, at a constant absolute wall temperature
of 349.4°9, radiates, according to equation (10) with ¢, = 1.5,
C. = 4.7 (the "surrounding med iun" being consicdered as absolutely
black) and at a temperature of 293° absolute, 11.3 kgz-cal/n,
while the lower surface radiates £.3 kg—cal/h at a constont
absolute wall temperature of 337.9°.

The equivalent tubular surfeace was calculated from equainn

(12) to be 1.17 m?, while the heat radiated by it was calculated

1y

as for the lateral surfaces of 2 X 0.28 x 0.2 = 0.112 and for

the radiating portion of the frontal surfaces

wr

2 (1 - 9g) Fgy = 0.079, from equation (10) with

37.9 . 41

- . = 249.4 - 3
h = 0.280 m and‘ 8 0380
to amount in all to 135 kg—cal/enb"1

The total heat radiated therefore amounts to
11.1 + 8.3 + 135.1 = 154.5 kg-cal/h.

With the above limiting value ¢, = 4.7, the radiated hent is
478.5 kg-col/st™’, which is about 1.3% of the amount trans-

ferred by conduction and convection.

3. Heot transmission by conduction and convection.- The
neat Qy transmitted by conduction and convection through the

wall between the water and the air can be approximated by
. /
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QN bt t“].’-'i'.F: _ tT'E = Kn I\AI (t'ﬁﬂ_;! - tL—‘)
1,1, 1 N B
xF T3 E T 3 m

- (13)
k F
i

ZF

2

e - F
with 1 + > m

)¢
t 3

=

when both fluids arc heated by & temperature difference, which
is swrll in comparison with the difference between the mean tem-
peratures (mean betwcen entrance ahd exit temperatures) on both
‘sides of the scparating walli* Here typ and t;p arc the en-
trance témperatures of thec watoer and‘air in degrees oentigrade;
M and m, the watcr equivalents in kg-cal/h/°C of the quantities
of air and water flowing fhrough ver unit of time; F, the
radiator surface in m® and k,  the coefficient of heat con-
ductivity in kg-cal/h/m?/degree .

For great temperature changes in the fluids; equation (13)
must be replaced. by the equation develoved by Nusselt for heat

transmission in the cross-current. With our previous symbols

: l
Qg = M (tyg - tpp — %Of ty=py & X (14)
with . Q,EXL ‘ .
KF m M

ty=p~(tyz-trgle

1+ e i, (21/2) dz] (15)

JZ
Here e 1is the basis of the natural logarithms and J, 1is the

Besgssel function of the first kind and order. By introducing

o

* See footnote next page.’
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equation (15) into equation (14), we obtain

},BFa .
S SU L %)
o 1S (2i./Z '
Q=M tyr-trg) ii -7 ”'4'f i e § =252 dJ (16)
] g3 A
Table II.

Correction coefficient g =X /KN for taking the cross- current
into account

kKF/M | KF/m=| 0.0 0.5 1.0 | 2.0 5.0 [10.0 15.0
0.0 1.0, ]0.984 | 0.948 | 0.865 |0.695 [0.800 | 0.567
0.2 0.997 | 0.986 | 0.960 | 0.903 - - -
0.5] q= | 0.984 | 0.979 | 0.968 |0.923 |0.890 - -
1.0 : 0.948 | 0.940 [ 0.938 | 0.916 |0.744 - -
1.5 0.908 | 0.907 |0.903 {0.891 |0.776 - -
2.0 0.86510.863 |10.862 '0.861 |0.838 |0.732 | 0,644

From Table II for

0< X <15 an3 0< X <3
*m = u =

the value of the proportionality factor

q = 9 _ Xk - (18a)
Qv Ky

°

is t0 be taken, so that also, according to equation (14) the
calculation is simplified.

In the coéfficient of heat transmission

T aE T F (17)
1l ,0f 1Ty

(*Foctnote from p. 10.)

Jusscit, "Der Wirmellbergang im Kreuzstrom," Z.4.V.d.I. 1911,
p.3031. The approximation equation (35) aOplles to the casc
when only the temperature of the air, but not of the water in
the tubes, increases or decreases llnearly in the direction of
flow.
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in which a and Gy Genote the coefficients of heat transmis-
sion on the wall for air and ”ator, F;, the radiator surfcce
in contact with the air; Fg, thc radiator surface in contact
with the water; and Fr,‘ a reduced radiator surface determined
by the geometrical shape of the wall. a/N (a +the thickness
of the wall and A the coefficient of heat conduction of the
ﬁall), under the existing relations with respect to l/aL and
1/, is very small and may be disTegarded.
In the case of iron, that is, with A = 60 and with a wall

thickness of 0.1 - 0.3 mm

a/n = 0.00166 x 107 to 0.005 x 10™2, while

1k&; lies between 1 and 6 X 10 and

lﬂlW lies between 2 x 107 and 0.5 x 10~3

According to Nusselt,* the mean coefficient of heat transmission

for gases in the tubes, in a vortical flow, at the velocity W,

is o WG \oovae

O = 23.80(Am/D) (D/1)°7 0% -l—ggpm (18)

in kg&cal/me/h/OC- Herein the equivalent diameter D 1is t0 Te

given in meters.

If we assemble the like members and if we fix the specific
heat for 1 kg of air between -30°C and 70°C under constant Hres-
gure 2t

. _ (0]
Com = 0240 kg-cal/kg/°c

po

* Nusselt, "Der WArmelbergang im Zohr," 2Z.d.V.d.I. 1917,
hltte Pﬂtﬂ edition, I, ».459.

ko)
)
W
o
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whereby the error amounts to plus or minus one to two thousandtihg,

then
T Apy = 22.23 A 00214 700160 j-orosa(y ) )Ot 788 (18a)

wherein d is o be put in millimeters. Theoretically, the
‘values for the coefficient of heat conduction km and the spe-
cific gravity A should be taken at the mean temperature of
the air and walls. It is sufficiently accurate, however, for
the first approximation and often also for the final value, to

take 1t for the temperature ELE_%_EHE ]

The heat transmission on the lateral surfaces* can be cal-
culated, at an atmospheric pressure of 7523 mm Hg, a wall tomp-

erature of 50°C and an air temperature of 230°C, from
ap, = 6.14 %° "%+ 4.60 &' ° W kg-cal/nf /n/°C- (19)

~wherein Wf is the wind velocity in m/s and e ’is the basis
of the natural iogarithms- Any change in this coefficient of
heat transmission, due to changes in temperature, may be dis-
regarded in the preseht calculation, since the corresponding‘
"surfaces aré relatively small.

The formula

\00 716

o, = 0.0870 (A,/D) (1273 + Ul%__‘?m (20)

m 7
: 3
for cooling a cylinder by means of an air stream perpendicular

to the axis,*¥is to be used for the heat transmission on the

** Nusselt, "Dle Kunlunm eines Zylinders durch éinen senkrecht
zur Achse stromenden Luftstrom " "Gesundheits-Ing." 19232, ».97.

*Husselt, "Die Kuhlung einer ebenen fand durch einen Luftstrom”
in "Gesundh. Ing." 1922, p. 641.
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front surface of 2 wradiator having tubes with rectangular cross-
sections at their ends because the flow around the ends of the
thin partitions between the air vassages has a certain similari-
ty with the flow around a cylinder having a diameter equal o
the thickness of the partitions. Errors in the value of G,

for the sides anc front surface have, moreover, but little ef-
fect on the final result since these surfaces are small in C oM~ |
parison with the total inside surface of the tubes.

In cquation (20), D 1is expressed in meters. The wmean

=
2]

density Py, = Y,/9.81 and the viscosity of the air

. -5 .
. X T
n = 2:41 11%0 f//B;S k2/s/m (21)

With regard to the differences in the velocity of the air
before and behind the radiator, it is aedvisable, in calculating
the coefficient of hcat transmission according to cquation (20),
to use the velocity W in the tubes. From the thus—-calculata
heat-transmission coeffioignts @, and the corresponding areas,
1t is advisable to obtain, before introduction ih k, the

mean value

_ Ty
GLm_ S F

The effect of the portion of the cooling surfaces not in
contéct with the water is to be disregarded. It is evident from
Fig. 5, @ section through adjoining tubes parallel to the front

surface, that the heat transmission can be compared to the case



of a plate with uniform temperatures ty in the end sections.
For a plate thickness a, which is small in comparison with 4,
we obtain from

xaadi_’g.-za(t-tL)=o (32)
X

in which t denotes the temperature in the given cross-scctilon,
tL the temperaturc of the air, x the distence from a wall,
&, the coefficient of heat transmission and M the coefficient

~

of heat conduction,

S S F500 . /aa S |
_ i __.d_ / /c.) J ; _ . i
-t 9 i /2L / \ /
M €2 Sln dz / C_"
and, for the mean value of the wall tempcrature 1y,
ty — %1, 8 (cos @ - 1) i
= T . {
ty - t1, @ sin® %
with o r
2 & !
cP = dz A//.__)\-‘—-L- ! (84:)
{
J
The velue € = %m4:~%L can be uscd as a reduction factor
W oL

for the unwet cooling surface and is“to be taken from Fig. 8.
The widths of the sides of the tubes lie between 4 ant 10
mm, the wall thicknesses between 0.1 and 0.3 ma and the cooling
cffect of the intermediate cooling surfaces is only slightly
less 2t v2lues for Oy < 150 and the given widths of the iime-
diate cooling surfaces {in contact —ith water). This differs

it - .
from PUlz on p.83 of the reference already given.
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Since Schiller ("Ucber decn Stromungswiderstand von kohren,™
Z.f.angew. lath. und Mech." 1923, p. 9) shows that laws of flow
for cylindrical tubes, after thc introduction of the equivalent
diameter & = %5, also hold true for squarc tubcs with very
d?ffcrent side widths and the laws of heat transmission are in-
timately releted to those of flow resistance, it will not scem
too bold to use the forrmulas of Sonneckén ("¥itt. Uber Forsch-
ungsarbeiten," Nos. 108—109) for the heat transmission of water

in rough cylindrical tubes

Gy = 735 Y07 (1 + 0,014 t4) (25)

Do’

in which D 'is the tube diameter in m, w the mean water

velocity in m/s, and %5 the wall temperature, also for heat

transmission in radiators, wherc the water passages are long
[ ]

narrov rcctangular tubes of the length 1 and width g. In

this cese D = 4 1L E. and, for 1>>g,
3(l+g)
D~2 g (26)

However, in radiators whose air tubes are surrounded on
all sides by watcer, thc coefficient of heat transmiséion for
water con be only cstimated or cetermined from experinments, c.g.,
thosc of'Doblhoff, in the following manner. If 1ty and t7 are
fhe wcon water and air temperatures on both sides of the wall,

whose mean iemperatures, on the water and air sides, are re-

spectively, +t, and t,, then thne transmitted heat, known from
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the experiments, 1s
Q=0T ( b=ty )=(N/A)Fpoq(ty=t5)=0pF(to -ty )=k Fplty-t1)  (28)

In our cases, MA/d 1is always very great and t, - tp con—
sequently very small, so that 1, approximately equals t; éand
either one may be considered as equal te t. The wall surface

F in contact with the air, is approximately equal to tac sum

L’
of TFy (in contact with the water) and Fy (not in contact
with the water). With calculated o, we find

t:tL"",‘Q"’—’

and the desired cocfficient for the transmission from the watcer

to the tubes " .

a'(';"» = Q = \ ’ ( 2? )
Fy (tw S A
. o, Fr/

.’

0 .
Oy = ' ' 37a
i FL( ‘._',W - tL) - Q/ "X.L ( )

Th

(@]

arithmctical mean between the inflow and outflow tcimp-
eraturcs #rc to be substituted for tac tcmpcratﬁres ty and ty,.
In what follows, the values of &y (from cquation (27)) is
uscd for comparison with the valu: ¢nlculated from equation

(25).

Thc water cquivalent of the air passing through the tubes
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mi = Gy, o, = 3600 X Wy Fy ¥y cp (28)

nul + 2(b+ h) 1 (W/¥)

is to be multiplied by -
nul

in order to obtain the total value including the share of the

outer surface.
nu + 3(b + h) (Wg/W)
nu

-The mean value for inflow and outflow, or approximately ct
first the value of the inflow temperature. After a more accu-
rate calculation of thc total transmitted hcat Q and therewith

the outflow temperature, Yy and Q arc to be corrected.

4. Examples and compariscn with expcriments.

a) Daimler V, 200 mm deep.- Table I gives the dimcnsions

of the radiator.
We = 38.6 m/s, velocity of air in front of radiator,

$Lg = 25.8°C, temperaturc of air in front of radiator,

-G = 4030 kg/h, quontity of water flowing through radiator,

tyg = 76-43°C, temperature of inflowing water,

<2
it

1.16 kg/m®, specific gravity of zir in front of radiator.
From cquation (4b) we obtain
W = 25.1 m/scc.
as the vclocity 6f thec air in thc radiator. The temperature for
thc heat itransmission to the air in the tube is approximately
: -~ 't';-: + Lo - 0O A & . . s s 04 -
put ot _Ag_ga-iﬁ = 51.1°C and the corresponding specific grav-

ity accordingly at
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Yy = 1-16 873 + 285:3 = 1.07 and Yo W= 26.9.
273 +. 51.1

With A ° 7 * = 0.448, 17°7°%%=1.091, d4°' *®°= 0.759
and (Y,W)° 788= 13.26, we obtain, according to equation (1ga),

for the inncr surface

ay, = 109.5 kg-cal/m?/h/°¢C

The innervsurface, cooled by direct contact with the air,

is 6.83 m®, while the same area indirectly cooled and multiplied

by the reduction factor 8= 0.983, for which o = 110,

1 = 100, hence %% = 1.1, 1is ©.71 m®, thus giving a total
area of 13.53 m2. For the outer surfate of 0.307 m® at

Ws = 38.6, &, = 105.5. For both frontal surfaces, with web
2 mm and 0.86 mm wide, and 0.055 m® and 0.0238 m® total arca,
apz = 310 end 480 at W = 25.6. The mean value for

Oy = ;g%g is 109.9. The water‘flows through 64 rectangulaer
compartments of about 1.6 X 195 mm (with a uniform diameter

2 x 1.6 = 3.2 mm) in 2 total cross—-section of 2 4 m2 with 0.56

From equation (25) we obtain oy = 1130. According to equa-

tion (17), the coefficient of heat passage %X = 2.4 and

"kF = 1404 and the water equivalent of the passing water

M = 4030 kg-cal/. h/°C. For air, according to equation (28a),

m = 2510 EE - 0.321 X = 0.516 and approximetely (from
2 M b m p,.

|
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equation (13)) ¥, = 0.2236 or, more accurztely, for a cross-

current by rultiplication by q = 0.99, Kq = 0.334 and (from

equation (18)) the total transmitted heat Q) = 45300 kg-cal/h,

from which follow the air and water exit temperatures

-

‘tLA = tLE + Qk/m = 44, lOC and tWA = tueo ~ Qk/M = 0

L 1)

™

w

Generally this approximation suffices. More accuratsz val-
ues can be obtained by a recalculation in the following manncr,

ueing the numbers obtained in the approximeate caleulation.

s . o -+ !
The mecan air temperature tpp = Tzt tra
8 . ‘)
[

m1 t t’S'uE + t"xfé
The mcan water ! : Yoy = >
The meon wall M ty = B7.5

from which we obtain the mean tomperature Qﬁ_igéz;i = 51.3%C
3 _

(above avproximately 51.1) deéisive fbr'the calculation of thc
coefficient of heat transﬁission, Yy = 1.07 and o = 109.9
(as above), oy = 4130 x 0.136 x 1.946 = 1080, k = 93,

XF = 1292 and M = 4030 (as above). On the contrary, we now
obtain for the.air in the tube .Vm =.1.1235 and accordingly

m = 2430, X = 0.321, X = 0.332, K = 0.235, K, = 0.283

' ~ i om _ 1 5
and the total transmitted heat Qy = 45500 kg-cal/h. In the
cxperiment, the temperaturc of the outflowing water was 54.9°¢,

which gives o totol trensmitted heat

Q = (76.43 -~ 64.9) x 4030 = 48500
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which differs by only 2.1% (radiation and crror) from the cnl-
culatcd rcsult.

"As determined, according to cquation (27), from calculated
valuc of ap, a8 1ikcwisc from thc tronsmitted heat Q and
the meon water and air temperature, Uy = 1140 and accordingly

agrees well with the result calculatced from cquation (25).

by Dr. Zimmerman's radiator (Doblhoffls experiments) .-

The calculation corresponds perfectly to example a), except-
ing that the law for the transmission of the heat from the wa-
ter to the round tubes has to be derived, for the lack of other
sources, from poblhoff's cxperiments according to equation (27).
Thesc experiments did not render it posgible to establish the
1o in the sensc of Nusselt's ("Das Grundgesctz des Wirkelober-

ganges" in "Gesundh, Ing." 1915, p.477), but the equation
ay = 90 (2.5 + w)° (1 + 0.008 t) (29)

can generally be used, in which ¥ 1is the velocity of the
water in the unconstricted cross;scction and 1t the mean be-
tween the temperaturc of the water and the wall. These can be
accuratcly ascertained for tube diameters of 5-8 mm, usually
emploved in radiators, and for a tcmperature range of 40-90°¢:
In their brder of magnitude, thesé coefficients of heat trans-

mission agrce with thc values of cquation (25).
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TABLE I.
Experimental and Calculated Data.
Nod 1 3 3 4 5 g 6 ____
Reports on radia-
1| ¥| Souree -] gt
. Engine Works
3 V4Sourge and type of _ { Daimler v
i rediator 200 mm deep
a|lv fgfgiggo‘ilmﬁnjlgnj of mm 280 X 485 x 200
51 V| Frontal aréa bx h | m2 | 0.1358
o | y|ffumber, cross-section - { 3015 X 5.85
t 2nd length of tubes - X 5.65 x 200
71 V] Thickness of wall mm 0.17
8| R Equivalent diameter d ram 5.65
o| v fop, frge cposegeotion |
10| v oEa; free gross—section ne 0.6965
t of inner air passages Fj
H V‘?8?&1?2&32288}:0“ion e 0-0965
IAir pe;meability at intake
12| R( @ = ?-:-t - 0.711
Air peﬁ@eability within
13| Rl 9; = . - 0.711
/Air permeability at outlet _
14 | R|| 9, 2 - 0.711

a = Fgy
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TABLE I (Cont.)
EIxperimental and Calculated Data.
Nod 1 2 3 4 5 5
{ -
v{ JInner surface of tubes, - ey
151V \ in contact with water m 6.84
Inner surface of tubes,
181V not. in contact with m2 6.80
water
17 | Vi Surface of jacket me 0.307
Broad strips of frontal | _ , :
18 | Vi< surface - widthiarea it/ 1 3/0.055
Narrow strips of frontal ., _ - .
1917 { surface - widthiarca v/ 1P 0.86/0.034
Total cooling surface "
201 V19" (not reduced) m= 14.03
Frec cross-sections of
21 | V| { water passages (maxi- mm B4 X 1.6 x 190
. mur)
_| (Equivalent diamcter of
28 | R { water passages Gy mm 3.2
23 '
24 | V| Barometer reading nm Heg 745.31745.31745.3
25 | v Jrg?ger%ture of inflowing g 25.8| 25.5 23.5
' LE
28 |7 {Temperature of inflowing og ve. 4l 7.7 wg.a
| water typ ’ )
Difference in inflow tem- c -
27 |V { perature bpg - trg C 50.8| 51.23] 53.1
28 |R| & (twyg + trp) og 51.1| 51.1] 49.4
29 |v|{Pep3thy of intiowing kg/ P 1.160|1.160/1.175
30
Air velocity before radi- co o
31 v |4 o0 . m/s 38.8| 33.5 27
Y11 ator Wy
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TABLE I (Contd.)
Experimental and Calculated Data.
No.| 1 2 3. 4 5 6
33 |V |[FLT TOLooty Denind m/ s 17.5| 14.9| 11.9
[ L f °
Yenn ad y ity 3
leen aiT velocity in
the tubes, calculated . .
34 | R {‘froﬂ eq. 5, 38 and 3b n/ s 25.1| 31.0] 17.3
DL .
Wr
35 | R| 100 Ty - 103.01100.0}108.5
Coefficient of heat :
36 | R|] transmission for air, |kg-cal/m?/h/gr | 109.5| 95.2] 81.2
{ inner surface «
L1l
Reduction factor for O - ”
37 | RI{ unwet inner surface ¢ - 0.990)0.29210.995
3 |R|{47E2 OF reduced inner 2 13.52|13.54|15.55
Goefficient of heat
39 | R j transmission, jacket kg-cal/m?/h/gr | 105.5) 92.5] 80.0
U surface op3 ‘
Coefficient of heat
40 | R ! Eiiga”iiiigg Oéor kg-cal/we /h/gr | 310 | 381 | 258
ilOﬂbal surface 913
\Cocleclent of heat
1) transmission, for nar- . : -
41 { R 1\IOW ctrips of frontal kg-cal/m2/h/gr | 480 | 415 | 385
M surface Op4
Mean coefficient of
42 | R|) heat transmigsion for |kg-cal/m?/h/gr|109.9| 95.8| £23.3
Lair 01 =
: = 3F _
43 | R Jﬂf?n wall temperature og 67.5| 72.7| 73.7
i .
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TASLE I (Tont.)
Experimental and Calculated Data.
No.!1 P2 3 4 5 6
Mean temberature of
44 R 1urg1na1 water o¢ - - -
layer .;__i
ean coeffic1ent of :
45 | R |} Deat tramsmlssion .. oq/m /h/vr 1080 1140 [1140
eq. 35 and 39 Oy
itto according to ‘
46 | V-R] eq. 27 from exper- |kg-cal/w®/h/gr |1140 | 987 |1125
iments Oyy
Mean coefficient of s :
47 R { heat transmission k kg-cal/m?/n/gr | 92.0 182.3 |72.2
48| R| &k F - 1292 |1154 |1022
ar , |
9| R %ﬁgrwfggivriont of kg/h 4030 [4010 |4010
Density of air at 3
50| R { 1 (typrtyg) kg/m 1.070|1.068{1.078 -
Mean density of air s
I : . . 4
51| R|{at 3ty gttyy) kg/m 1.125/1.1381.140
52 | V.| Velocity of water Wy mmn/ s 57.0| 56.3| 56.2
Water equivalent of .
55| R { the air m kg/h ;430 3043 1692
54| r| & 0.321|0.288|0.255
55| R|&E 0.532|0.564|0.604
56| R| K, 0.2235|0.2302|0.1785
57| R| Ky 0.23310.301}{0.1773
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TABLE I (Cont.)
Experlmcntal and Calculated Data.

Ho.| 1 | 23 ; 3 4 5 6
(Total transmitted \\\ :

58 | R|y heat,| calculated ~kg-cal/h 4550041300 37700
( Qx
gTotal transmitted

50 | V|4 heat,| by experi- kg-cal/h 46500] 41500 376800
L ment | Qy ‘

60 | R| 100 2K 97.9| 99.1/100.3

Qv '

V stonds for "Versuch" (eiperiment),

R .

stands for "Rechnung" (calculation).
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TABLE I (Cont.
’ Experimental and Calculated Data.
No.|1 2 3 7 8 i 9
Reports on radia-
tor experiments
1 {V | Source - by the Vienna
, Engine Works
Experimental number _ i i
3V { of the source l 8 ! -8 t 8
3 | v |[Source and type of _ Daimler V
{ radiator 300 mm deep
Outside dimensions of
4 v { radiator hx o X 1 i 283 x 480 X 300
5V | Frontal area b X h e 0.1358
sl v jNumbor, cross~-scction - 3970 X 5.6 X 5.6
{ and length of tubes ' X 300
7 | V| Thickness of wall mm 0.3
8 | R|{ Equivalent diameter 4 1 5.6
Total free cross-section
9V i of air intake Fg m2 0.0933
Total free cross-section
101V { of imner air passages Fj me 0.0933
Total free cross—-section
11|V H{T0f air outlet By P 0.0933
' Alr permeability at in-
a, e = =
© Fst
g? T permeaolllty within
13| R = - 0.685
1 Fst
Air permea0111ty at outlet
14| R - 0.686
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TABLE I (Cont.)
Experimental and Calculated Data.
No.|1 3 3 7 18 49
Inner surface of tubes
15V { in contact with water ® 10-08
Immer surface of tubes
16V { not in contact with water m° 10.00
17 | V| Surface of jacket me 0.4583
road strips of frontal . _“;
181V {?surface ~ widthiarea mm/ _2/0'0393
Narrow .strips of frontal '
v { surface - widthiarea mm/ 1/0.036
Total cooling surface ~
30 |V { (not reduced) i 0.8
Free cross-sections of _
;31 |V i water passages (maxi- ram .84 x 1.6 x 290
ram) '
s .
~ | (Bqulvalent diameter of
33 | R { water passages dy mn 3.3
33 '
24 | V| Barometer reading mm Hg 743.6|743.6{743
i ‘ inf in )
25 | v {?ségeriture of inflowing og 95.31 25.31 20.4
LE
- Temperature of inflowing o
26 | V| { pater e c 73.2| 74.9| 73.0
Difference in inflow femp— o -
a7 | v J, erature . tyg - g c 47.9| 49.8| 52.8
28 | R| 1/2 (tyg + typ) ¢ 49.2] 50.1] 46.7
29 | v|{PEIS1ty of inflowing Kg/n® 1.155|1.165 1.170
30 S
e |-l (Air velocity before radi- o el aa
311V akor W, m/s 38.9(33.75!26.85
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TABLE I (Cont.)
Experimental and Calculated Data

[av]
O

3

3

33

33

34

35

36

37

38

39

40

41

42

R

Hean air velocity in
the tubes Wy

|Mean air velocity in

the tubes, calculated
from eq. 3, 3a and 3b

TR

¥
100 72

Coefficient of heat
transmission for air,
inner surface 91,1

JReduction factor for

i unwet inner surface®

{Area of reduced inner
curface

LY

Coefficient of heat
i transmission, jacket
.surface a12
Coefficient of heat
transmisgion, for
broad strips of
frontal surface dyz

Coefficient of heat
transmission, for nar-
row strips of frontal
surface Op4

llean coefficient of
heat transmission for

eir a1, =‘%?%

JMean wall temperature
ity

m/s

m/s

m/s

kg-cal/m?/h/gr

e

kg-cal/m?/n/gr

kg-cal/m?/h/gr

kg-cal/m?/h/gr

kg-cal/m?/h/gr

o¢

16.1

23.4

21.6

92.3

0.993

19.90

106.5

418

67.3

113,

(6}

1
0
(4%}

18.1

0.993

19.92

93.0

260

390

8507

68.8

110.8

215,75

14.5

700"

0.294

19.96

80.0

70.8
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TABLE I (Cont.)
Exporimental and Calculated Data.
Nog 1 2 3 8 9
Mcan tempcrature of
a : merginal water o¢ - - -
14 R{ ) bitty C -
layer 5
Yean coefficient of | ,
45| R[] goot tramsmission | o ca1/m/n/gr | 767 | 769| s04
eqs 35 and 29 Qg
(Ditto according to
46 vaai cq. 37 from exper- | kg-cal/m?/h/gr 588 | 578| 426
iments Qyy
Mo 5 4 |
47| R|{Fgan coertiolent OF | kg-cal/w?/n/gr | 77.3| €3.5| 60.0
48| Rk F - 1592 | 1430 1233
19 | g |/fater equivalent of xe/h 3850 | 3820 4180
t the water i & < =
Density of air at .
: L. ) f .07 L0701,
50| RI{S (tpgrtos) kg/we 1.0711.070|1.075
Mean @ Léft of air
51| Ri{at 3 (trptips) kg/m? 1.113 1.105]1.115
52| V| Velocity of water Wy mm/ s 36.1| 34.8| 38.1
<ﬁater equivalent of . PR,
53| R|< tng cir m Xg/h 2033 | 1798 ! 1354
xT
54| R| =% 0.414 |0.3740.295
55| R| 0.787 |0.79510.912
56| RI K, 0.259 |0.236(0.120
57 R| Xy 0.258 {0.23410.138
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TABLE I.
Experinmcntal and Calculated Data.
No.| 1 2 3 7 g | 9
Totel transmitted
58 | R % acat, calculated kg-cal/h 47300144300 (41400
: i
Total transmitted
59 |V |l heat, by experi-- kg-cal/h 45700 | 42450 [ 38000
nent  Qy
P QK A
80 | R [100 ag 103.5{104.511038.0
V stands for "Versuch'" (experiment)
R n ". "Rechnung" (calculation)
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TABLE I (Cont.)
Experimental and Calculatcd Data.
No. 1 2 3 10 111 112 13
Von Doblhoff, Ianvcs-
1|V [Source - tigation of automo-
bile radiators
Experimental number .
3|V 1 of the source - ‘72 !73 !(4 83
2 v ource and type of _ Dr. Zimmerman:in Lud-
~radiator ‘wigshafen
v {Outside dimensions of ) 475 X 494 x 100 (with
4 radiator h X b x 1 am flanges 500%x300x100)
5| V {Frontal area b X h m2 0.2347
. fumber, cross-section (4046 + 88/2) x
617 {D'*m length of tubes m X 7.6/7/7.6 x 100
7|V | Thickness of wall ) Estimated 0.15
8 | R | Equivalent diameter d ym 7.6/7/7.6
otal free cross-section s
o | v o Tk F, m 0.185
< otal free cross-section >
100V {?of immer air passages Fy - 0.157
|/Total free cross-section
11,V t of air outlet F, e 0.185
Air permeability at in-
12| R { , " _Fe - 0.788
take cpe = Fst
Air permeability within :
15 R g (p. e E - 00669
T 7 Fst
Air permeability at outlet
14| R {‘-p . Fa - 0.788

a = TFgt
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TABLE I (Cont.) ,
Experimental and Calculated Data.
i
No. 3 3 10 | 11 | 128 13
Inner surface of tubes 2
15 { in contact with water n 9.073
Inner surface of tubes,
16 { not in contact with m2 -
water -
17 Surface of jacket m= 0.095
road strips of frontal
18 \ surface - widthiarea mm/ 0.092
Tarrow strips of frontal o
19 ‘fsurface - widthiarea /1 - 0.093
Total cooling surface
20 { (not reduced). me 9.36
Free cross—sections of .
21 water passages (maxi- i 492 X 86
wamn)
23 JEquivalent dicmetcr of ] _
| water passages Gy e
23 A |
24 Barometer reading mn Hg Assumed 760
emmerature of inflowing , :
25 -fair. by °¢c 19.3]21.9/ 19,3 [20.2
26 Temperature of inflowing Og 1 51.3/87.3{92.1[92.5
IR Wa, T eT WE ‘ .
Difference in inflow temp- o : o
28 |B| % (tyg + tog) og 35.3(54.6| 55.7 |56.3
.| . | Density of inflowing N | 1.209
29 L adir Y kg/m? (assumed at 760 mm Hg
and 20°¢)
30
. _ . e f . , _
31 Air velocity vefore radi 17’0117'Ol15‘0



Teconical Hemorandun No.

N.A.C.A. 344 34
TABLE I (Cont.)
Experimental and Calculated Data
No.| 1 2 | 3 10 |11 |12 | 13
ir velocity behind . '
32 v{“roﬁ_iator flp m/s 10.2 110.2 {10.2 | 7.6
Mean air velocity in
33 | T the tubes Wy /s 15.2 |15.2 [15.2 | 11.4
Mean air velocity
in the tubes ~cal= =
3a, and 3b WR '
35 RlOO'%\Eri - 98.9 [98.8 |98.8 N00.0
Coefficient of heat
transmission for s ‘ .
36 | Rl air, inner surface ﬁg—cal/lﬁ/h/g; 78:174.0 |78.4 | 59.4
) Ar1 ¥
: o Feduction faétor‘for _ N
37 | R unwet inner surfaceb 1.0 1.0 1.0} 1.0
Area of reduced in- -
38 < ner surface m2 9.073{9.073{9.073 9.073
(C oefficient of heat
ransmission, ' _
39 RZ jacict I kg-cal/H/h/gr| 56.0| 56.0| 56.0 41.0
- LJ
oefficient of keat
transnission, for ) ~ =
40 R&‘,,oad strips of kg-cal/rffn/gn 76.8| 74.0/ 74.0 9.4
frontal surface ar,3
g oefficient. of heat
transmission for n - ) . 50.4
41| Rl porvow strips of  |Kg-cal/rfh/gr 76.6 74.00 74.0 59.4
Lfrontal surface Qy 4
ean coefficient of
42 Rg heat transmission kxe-cal/#/h/gn 76.8| 73.€ 73.1 59.0
[ for air 1, =
L F
ftlean wall tempera- o .
43 Rﬁ ture 1ty C 38.31 54.0 74.2 ?1.5
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TABLE I (Cont.)
Experimental and Calculated Dota.
Nod 1 2 3 10 |11 |11 |13
Mcan temperaturc of )
44| ® || vorginal water o 40.7 {52.3 [79.1 |75.6
t1+tw
laver =
. Mean coefficient of
heat transmission - -
45| R i for water from kg-cal/th/h/gr| 215 | 315 | 334 311
cq. 85 and 39 Oy
Ditto according to -
46 |V-R|} eq. 37 from exper-|kg-cal/mfh/gr| 259 | 213 | 367  [322
iments Sy
diean coefficient of _
47| R {hqcat transmission | kg-cal/rfh/gr| 56.6 |56.3 |80.5 |49.6
481 R - 524 | 523 | 560 |459
Water equivalent of .
49| R | tho water I kg/h 708 | 400 {2000 [1500
rDcn51ty of air at v
501 R K% (tpp+iyg) kg/m? 1.145/1.0886{1.070|1.075
Mean density of air
51| R [{ ¢ 3 (tpprbpy) kg/ 1.162 }-136 1.090 1.;80
52| ¥ [lelocity of water mm/ s 4.66 {3.63 |13.15/9.85
W
Water equivalent of . o
53| R tne air m kg/h 2390 | 2340 | 2245 [1860
54| R| &L 0.740| 1.305|0.280|0.306
55| R | 0.220] 0.223| 0,350/ 0.2346
56| R| Ky 0.500] 0.740| 0.221|0.240
57! R| K¢ 0.483] 0.5887}0.2230| 0.238
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- TABLE I (Cont.)
Experimental and Czlculated Data.

No. 1 2 3 10 11 12 13
Total transmitted )
58 | R { heat, calculated | kg-cal/h 10280|17980| 33000} 25800
QK
. otal transmitted |.
59 {V. |{ heat, by cxperi- | kg-cal/h 11500| 18800] 324Q0| 25600
. aent  Qy ,
60 | R 100%K 95.4| 95.5 98.8|100.8
. AE .

V stonds for "Versuch' (cxperiment)

R a " tRechnung" (calculation)
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TABLE I (Cont.)
Expcrinental and Colculatcd Data.

No.| 1 3 3 14} 15| 16 17
Von Doblhoff, Inves-
1|V | Source - tigation of autono-
bile radiators
Experinental number | =n
8|V { of thec source - 39 47 I 53 | 50
2 | ource and type of 3 Dr. Zimmermam in Lud-
* |1 radiator wigshafen
s lv Outside dimecnsions of ' 475 x 494 x 100(with
i radiator h x b x 1 T flanges 500%X500%X100)
5|V | Frontal area b X h me 0.3347
& | v |Number, cross-secction o (4046 + €8/2) x
: and length of tubes X 7.8/7/7.6 x 100
7 | V| Thickness of wall mm Estimated 0.15
8 Equivalent diameter 4 ron 7.8/7/7.6
otal frce cross-section
oV {?Of air intake Fg m _0'185
Total frece cross—-section
10|V { of inner air passages jagd 0.157
Fy
Totel free cross—section
1V { of air outlet Fy n? 0.185
Air permeability at in-
12| R { Fe - 0.788
take Qg = Fot
Alr permeability within
13 | R { I - 0.669
. Fst
Air permeability at out-
41 R Fa- - 0.788
1 { lot 9, = 7=,

Fgt
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- TABLE I (Cont.)
Expcrimental and Calculated Data.
Nod 1 2 3 14 | 15 | 18 | 17
(Imer surface of tubes . |
151 VI{ in contact with water m® 9.073
(Inner surface of tubes
161 7V not in contact with e -
1 water
17 | V| Surface of jacket me 0.095
w | jBroad strips of frontal : :
181V {‘surface - widthsiarea /12 0-093
arrow strips of frontal 2
19V sturface - widthiarea wm/m 0.093
otal cooling surface
30V 'f(not reduced) m? 9.36
Free cross-sections of
31| V { water passazes (maxi- i 492 X 88
fum
~ | {Fquivalent diameter of .
32 | ® < Jater passages dy i N
23 ; o
24 | V | Barometer reading mm Hg Assuned 760
fxﬂperature of inflowing o
S5 V< air t1E C 20.0{12.4]19.8120.1
26 | v |{ferperature of inflowing og 63.7150.8]63.2]94.0
L Water g A
(Difference in inflow teip- 0 4 s A
28 | AL (tyg + tog) o¢ 41.9/35.1]41.5|57.0
r | Pensity of inflowing . 1.205
29. T air Y kg/ e (dssumed ut 780 wm Hg
and BOO“)
30 |
Air velocity beforc radi- 5 I o ’
31|V {5 ior W /& |13.0113.0| 9.0} 9.0
i % | |
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TABLE I (Cont.)

Experim

ental and Calculated Data.

No.

AV]

14

15

16

33

33

34

35

36

37

38

39

40

41

43

43

v |4

;100 Mr

Air velocity behind
{ rediator Wy

Mean air velocity
{ in the tubes WV

Mean air velocity
in the tubes, cal-
culated from eq-.3,
34, and 3b Vg

Vi
Coefficient of heat
transmission for
air, inner surface
Sl

Reduction fdctor for
nwet inner surface

Area of reduced in-
i ner surface

Coefficient of heat
tlansm1qnlon
ﬁ':t'uurfuf{

~.:)

(Coefficient of heat
transmission, for
broad strips of
frontal surface qp3

Coefficient of heat
transmission for
narrow strips of
frontal surfTace Gjg4
HMean coefficient of
heat transm18310n
for air = LaF
STF
JMean wall tempera—
{ ture ;4

kg-cal/m® /h/gr

kg-cal/m2/h/gr

kg-cal/r?/n/gr

¥

kg-cal/m /h/gr

o¢

7.6

11l.4

11.4

100.0

60.9

9.073

41.0

60.9

60.9|

5

7

103.

44.

1.

.0

.7

5

8

0

9.073

34.

44.

44.

t
g

3

8

o

A

5.0

7.7

102.5

44.7

1.0

9.073

23.23:

26.3
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TABLE I (Cont.)
‘Experimental and Calculated Data.
NodJ 1 2 3 14 | 15 | 16 | 17
Miean temperature of , |
marginal water
44| R et e g 51.8] 48.7| 49.0| 87.6
L layer ——=
Mean coefficient of
45| R | heat LYansMiSelion |y cal/me/n/gr| 233 281| 202] 350
z eq- 35 and 39 Oy '
(Dltto according to
46|V-R; eq. 27 from exper-|kg-cal/m3/h/gr| 282| 284| 2333 -
1 iments Qyy
!
(If ean coefficient of
47| R {2 heat transmission |kg-cal/m®/h/gr, 48.1| 38.5; 36.6| 34.6
48| R| kX F - 445! 357] 339! 228
. bt L »
s9| m|{fafer equlvalent of ke/n 768| 2000| 400! 2000
50| R {D§D?§§§+ifﬂ?lr at kg/h 1.120{1.145|1.125[1.070
51| m|[iean density of air Yer/ 1 1.130/1.150{1.130|1.155
L at a (tLE+tL"\.) gat : * o °
52| . {V§$001ty of water /s 5.05/ 13.15| 2.63|13.15
53| R {Wiggra§§UI;&13nt of ¥g/h 1753] 1210 1185, 666
54| R| £F 0.593| 0.178|0.848|0.114
55| R| LF 0.254] 0.295.0.286( 0.343
57| R| Xy 0.408] 0.143| 0.524] 0.0926




N.A.C.A. Technical iemorandum No. 344

41
TABLE I (Cont.)
Experimental and Calculated Data-
No.l1 2 ‘ 3 14 | 15! 18 | 17
| Total transmitted ' :

58 | R 5 heat, calculated kg-cal/h 13730 | 8990| 910013700
| Q |

- (Total transmitted -

59 { V. || heat, by experi- kg-cal/h 13830| 9000| 9480114300
L ment Qy ‘ C

80 | R 100%5 99.4| 99.9| 97.1| 96.5

V stands for "Versuch" {experiment)

R L " WRechnung" (calculation)
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\

TABLE I (Cont.)

344

P
[AS]

Experimental and Calculated Data.

!

a Fst

1
No.| 1 2 3 18 | 19 20
Von Doblhoff, Inves-
1| V]| Source - tigation of autowme-
bile radiators
Experimental number _ ‘ |
31 V1{ of the source ‘ 65 | 7 i 76
3|y Source and type of _ Dr. Zimmermann in Lud-
i radiator wigshafen
Al v JOutside dimensions of m 475 X 494 x 100 (with
- \ radiator hx t X1 o flanges 500X500X100)
5| V| Frontal area b X h ma 0.2347
rMumber, cross—-section ) (2046 + 68/2) x
6|V { and length of ubes i X 7.6/7/7.8 x 100
71 V| Thickness of wall ram Estimated 0.15
8| R{ Equivilent diameter d mm 7.8/7/7.6
Total free cross-section -
91V i of air intake TFq me 0.185
| Total free cross—séction
10| V z of inner air passages m= 0.157
Fy
Total free cross—-section
11| V| { of air outiet we 0.185
Air permeability at in-
12 R { A Fe - 0.788
take 94 = Fot
Air permeability within
13| R g 9, = =i - 0.669
1 Fst
Air permeadbility at out-
14| R Fy - 0.7238
"let @, = =
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~TABLE I (Cont.)
Exnorlmentml and Calculated Data.

NoJ 1| 2 3 118 | 19 | 20
v | [Inner surface of tubes
5]V '{in contact with water e 19-073
(Inner surface of tubes
16| V| not in contact with m2 B
water »
17 | V| Surfece of jacket 2 | 1 0.005
. road strips of frontal ‘ 2
181 Vi surface - widthiarea ww/n - 10-092
, ‘ Narrow strips of frontal e
WV { surface - widthiareca /2P 0.093
Total cooling surface
301 V11" (not reduced) e 2.36
Free cross-sections of :
21|V { water passages (raxi- am 492 x 86
ruar) ‘
'Equivalent diameter of
83 | R { water passages dy el -
23 |
34| V| Barometer reading' | m Hg Assumed’ 760
25| v {?:?geriture of inflowing og | 20.5] 20.4| 20.0
LE
26| v Jlsmgeratzre of inflowing og 86.9] 95.5/ 60.3
. water WE
Difference in inflow temp-
27|V e tare te — e og | es.4 75.1) 40.3
38 | R| % (typ - trp) | °c 53.7| 57.9| 40.2
+ .
29| v { S 1§y of inflowing kg /m3 1.205
< (Assumed at 760 =m
30 _ Hg and 20°C)
fAlr velocity before radi- _ -
31|V K or g n/s | 5.9 2.5 2.5
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Experimcntal and

o~
W

TABLZ I (Cont.)
Calculated Data.

[AM)

3

19

35

36

37

38

29

43

]

<A r fc1001ty tehind
1 radiator Wf

Hean air velocity
i in the tubes Wy

gﬁean air velocity
in the tubes, cal-
j culated from eq. 3,
( 3a and 3b Wy

100 %B ,
;“av
Coefficient of heat
S transmission for
air, inner surface

)
(o1

Reduction factor for
unwet inner surface
6

f‘""“

AArea of reduced in-
» ner surface

(Coefficient of heat
i transmission, jack-
et surface o2

Coefficient of heat
transmission for
broad strips of

( frontal surface ar,3

sGoeiTicient of heat
transmission for
narrow stirips of

,.-\./\———

HMean coefficient of
be 1 transmission

for air o, = ZoF
s F

Mean wall tempera-
Y oture by

frontal surface ¢4

n/s

m/ s

m/s

kg-cal/m2/h/gr

m2
me

kgebal/mz/h/gr

kp*cal/ma/n/wr

kg-cal/m?/h/zr

kg-cal/m?/h/gr

o¢

1.13

1.68

2.0

5/119.0

15.3

RN
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TABLE I (Cont.)
Experimental and Calculated Data.
NodJ 1 2 3 13 i9 20
(Mean temperature of '
44| R |J TerEinal vater %0 65.3| 91.8| 57.0 -
( layer —i—g—i"
tlean coefficient of
45| R |{ pOb tranewlsslon | e cal/we/n/gr | 205| 3s4| 280
cqg. 85 and 29 Oy
(Ditto according to
46 [V-R|{ cq. 37 from exper- | kg-cal/m2/h/gr - —~ -
{ iments agy. .
¥ean coefficient of
47 | R { heat transmission kg-cal/w? /h/gr | 23.5| 14.6| 14.5
48| R| X F - | 2171134.5/132.0
Water cquivalent of i ' .
g9 | R | Gpe e kg/h 250| 2000| 1500
Density of air at |
50 | R J kg/h 1.080(1.068|1.130
: (tpg + tyg) e/
(Hean aens1ty of air
51{ R g/md . 1.173{1.135{1.170
¥
52| ¥ | {" O0HY of meter m/ s 1.6413.15| 9.43
53| R | {Toper equivalent of xg/h e76| 3123| 322
XF
54| R T 0.868 0.0673 0.08382
55| R | A 0.321]0.431]0.418
56 | R | X, | 0.544|0.054|0.0715

57 | R | Kg 0.5626|0.054{0.07123
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46
TABLE I (Cont.)
Experimental and Calculated Data.
No. 2 3 18 19 20
Total transmitted
58 heat, calculated kg-cal/h 8750 | 8110 | 4320
Qx ‘
Total transmitted
59 ‘heat, by experi- kg-cal/n 9500 | 9600 | 5400
ment Q‘V . )
80 100 %g 92.1| 84.5 | 80.2

V stands for "Versuch" (experiment)

R " " "Rechnung" (calculation)
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c) Table I.~ Herec a large number of foreign experiments is
compared with the values calculated directly from the dimensions,
the velocity of the air in front of the radiator, the quantity
of cooling watcr and thec temperature of the inflowing water,
whereby the applicability of the process of éalculation is
demonstrated throughout.

The values téken directly from the cxperimental results or
obtaincd from them by simple calculations are denoted by "V
and the values obtained from the above-cvolved process of cal-
culation are deonoted by "R.¥

Tﬁc calculated velocity of the air in, the tubes, which has
the greatcest effect on the heat transwmission, agrees very well
With the experimental values up to 4 n/s (corresponding to
about 5 r/s in front of the radiator according to Doblhoff).
Below this 1imit, which corresponds to thke critical veloclty in
the 7 mm tubes, the calculation also gives fairly accurate val-
uecs for the Zimmermann radiator, as is indeedlto be expected
from thc shortness of the distance for the transition from the
vortical to the laminar flow.. Still the forrmlas should bc ap-
plied omnly with caution to very decp radiators (over 150 mm) ,
when W islless thapVQ,

Probably the measurcd values of these small velocitics are
affecfed by the errors under oonsideiafion, whbrefore.ﬁoblhoff
did not take up, in his report, the heat procceding from the
tempcrdtufe and volocit& of the ai: in:thé experimbnts with

2.5 m/s.
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The calculated values of the transmitted heat zgrcoe very
well, almost all the way through, with the experinmental values.
Théy must be somewhat sraller than{the values determined from
the quantity and temperature of the cooling water, and indced
by an emount (in % of the transmittcd heat), increasing with
decrecsing air velocity, which represents thc radiated portion.
Even here the calculated results agree, in gener&l; with the
experimental results.

Greater d{fferenoes occur, in couparison with Doblhoff's
experinents 2t a speed of 2.5 r/s, which is quite.comprehcnsi—
bic fror what has been said and with the Dairler radiator of
BOd mn Gepth. Here great differences are also ménifested be-
tween the directly calculated coefficients of heat transmission
for water and those obtained from expefiments with the help of
the coefficient of heat transmission for air, though they agree
very well ordinarily. I ascribe these differences to the un-
equal woter velocities in the individual passages, due to the
great depth of the radiator. No positive explanation, howcver,
is now possible, but even here the grectest difference between
the calculated and experimental results is only 9%.

For rough calculations, it will suffice to add the frontal
aroa‘and possibly also the jacket surface to the ingside surface

of tho tubes and calculate throughout with the coefficient of

heet tronsmission for air in the tube: Even the effcect of in-
’ J

termediate cooling, as likewise the radiation, can be disre-
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garded without important error, especially as these partially
offset onc another. On the other hand, it scems entirely inad-
missible to put the coefficient of heat transmission for watcr
so high, as was done throughout (after having becn begun by
Doblhéff) in the literature on the subject, without considering
the velocity of the Wéter, since tne error can be very large,

esoecially with high air velocities and low water velocitics.

IFFECT OF DIMENSIONS AND WORKING CONDITIONS
ON THE HEAT EXCHANGE.

Sincc it is not casy,'with the aid of the equations aionc,
to dctermine how the cooling process is affected by the shape
of the cross-section and the dimensions of the tubes and of
'thc radiator corc, the vcloéity of the air, the quantity .of the
watcr, the entranco‘tcmperaturcs of the air and water and the
density of the air, thesc influences must be systemafically
and thoroughly investigated, but with limitation of the heat
exchange to0 the walls of the fubes, since. the consideration of.
tho frontal and latcral surfaces of the shell would makc the
determination difficult, while their share in the heat trans-
miséioh,;as was explained above, would be relatively small in
comparison with the innecr surfaces of the tubes and could be
easily aliowed for subscquéntly. The small amount of hedt lost

by radiation will also bec here disregarded.
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1. Cross-sectional shape of the tubes.— According to the

principal equations (4a), (16), (1'7.), (18a) and (25), the heat
exchange (with constant frontal and cooling surfaces, depth of
core, and velocity of water and air) depends only on the equiv-
clent diameter of the tubes
a=24 (1)

and on the air permeability ¢ .  If we previously put @ = 1,
which presupposes very thin walls to the tubes and very small
water cross—-sections and & frontal area completely filled by
the tubular cross-sections, it then follows that radiators
with like frontal areas and depth of core and having the same
ratio of frontal area to cooling surface are equivalent.

For n tubes, thc frontal area Fst = nf and the cooling
area in contact with the air F = nul follows from-equation
(1) 4

_ F /n _
= =41 F a
d' ——7fi7T Fgt/ (1a)

in which 1 remains unchanged, according to the assumption.
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TABLZ III.

@]
=

Comoparison of Thin-Walled Tubes of Various Sizes and Cross-
Sectional Shapes with Square Tubes 6 X 6 mm=.

Frontal surface of block Fgy = 1 w?

: do
Lenzta of tubes 1 = 100 mm 2 y 4
: AN RAER

Cooling surface F = 86.77 m? { )
d,/dz 0.6} 1.0 | 1.5 | 3.0.
d, o . lmm | 12.95/10.2 |12.75|14.28
(P8 _ mm | 19.9 |10.2 8.5 | 7.64
Equivalent diameter dlmm | 6.0 6.0 | 6.0 | 6.0
Number of tubes per m? n 153001 231750{19600]17450
Cross-sectional area of -

one tube fot|mm2| 65.8 [46.2 |51.0 |57.0
Cooling surface. of one tube fmm2| 4380) 3060 3400| 3820
Air permeability Q; = Q—§Si 1.0 | 1.0 { 1.0 | 1.0

. st

pe
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TABLE III (Cont.)
Comparison of Thin-Walled Tubes of Various Sizes and Cross—
Sectional Shapss with Squarc Tubes & X 6 mm2.

23

Length of tubes 1 = 100 wam

Frontal surfoce of block
F

st = 1 me

Cooling surface F = 65.77 n®

! \‘YFy/ NT
. s;/;g §

dy/de

dl

Gz

Equivelent diameter )
Number of tubes per m? n

Cross-szectional area of
one tude fot

Cooling surface of one
tube - f

Air permeability @; . B Iat
- -~ Fag

MR

e

0.2
6.14
30.7

0.5
6.66

13.32

1.0

8.49
8.49
6.0

27800| 25700 :

25.0

2400

1.0

7.20
6.0

38.9

3590

1.0

—
[SN AV
n O
[av)

39.5
1.0
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TABLE III (Cont.)
Comparison of Thin-Walled Tubes of Various Sizes and Cross—
~ Sectional Shapes with Square Tubes 6 X 6 mm=2.

53

Cooling surface

F = 66.

77 me

Frontal surfecc of block

FS't = 1 R

Length of tubes 1 = 100 mm

d1/dz

dl

dz

Equivalent diameter da
Number of tubes per m? n

Cross—-sectional area of
one tube fst

Cooling surface of one
tube :
Air permeability @; = n gsi
8

mm

mm

mm=

mm=e

0.2
3.6

18.0
15400

64.8

4320
1.0

6.0
24700

40.5

2700
1.0

37777
36.0

2400
1.0

1.5
7.5
5.0
6.0
26700

37.5

23500

1.0

2.0
9.0
4.5
6.0
24700

40.5

3700
1.0
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TABLE III (Cont.)

- 54

Comparison of Thin-Wallcd Tubes of Various Sizes and Cross-
Scctional Shaves with Square Tubes & X 6 mm=2.

Frontel surfrcc of block Fgy = 1 12 _4dF’ d
Longth of tubes 1 = 100 mn
Cooling surfocc F = 66.77 1P €3§E>
dy/de - - -
d, | 3.464| 4.72 5.44
de mm - - -
Equivalent cdiameter L dlimm}| 8.0 4.73 5.44'
Number of tubes per m® n 32100 | 45000 | 38800
Cross—scctional area of.

one tube fgt | meR| 31.23 |17.5 |23.24
Cooling surface of one tube f ! mm? 2038 1483 1709
Air permeability 95 = B_?f,ﬁ 1.0 |0.7854|0.905

Table III contains, for tubes of various cross—sectional

‘bution of the central points.

shapes wahich satisfy equation (la) and are equivalent to square
tubes, 6 zm square, the widths of the sides, the cross-sectional
areas, the perimeters and number of tubes per 1 m?® of frontal

area. ‘Forhcomparison, the same data were calculated for equiv-

alent circular cross-sections with quadratic and rhombic distri-

The greatest air permeability
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(921

(for verv thin walls and very narrow water pnssages), however,
is herc only |
Q = 0;7854 with quadratic distribution of thc central points,
¢ = 0.305 " rhombic " e " "
It is therefore considerably less favorable than with surfacce-
filling, straight-sided cross-scctions haviﬁg the quantity of
meterial which is characterized by the érea of the cooling sur-

face for 100 mm depth of core for all cross-sections.
F=nul= 66.67 m?

Sinbe, for the regular cross-sectional shapes ofvthe tubes (tri-
angle, square, hexagon, circle), the greateét number of tubcs
occurs and the work and consumption of solder gencrally in-
crease with the number of tubes, these shapes also necessitate
the greatest production cost of the core for an equal cooling
effect. ‘

In order to show the effect of the wall thickness o/2
(ordinarily 0.1 - 0.2 wm) and of the width of the water pas-
sages @, (usually 1 - 2.5 mm),'Fig. 7?7 represents the transmit-
ted heat for rectangular cross—sections, vertical water passage
and a conétant ratio Fgi/F, with the ratio of the sides
d,/d> = 0.2 - 3 and in comparison with square tubes of & X 6
‘mm® cross-section at an air velocity Wy = 10 m/s.

Fop = 1 m2, F = 44.486 m?, «/3 = 0.15 mm, Oy = 3 m

(Fig. 5), soldered joint g = 0.2 mm and the depth of the solder
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on the frontal surface (5 rm)here remain unchanged, so that the
water cross-sections are 90 m long. The water equivalent of
the passing water M = 10000 kg/h; the temperature of the in-
flowing water tWE = 80°C; the temperature of thc inflowing air
tpr = 30YC; the density of the inflowing air wé = 1.8Akg/m3.
In equations (4b) and (18a), ¥, = 1.132. was put as the mean
density of the air, corresponding to a mean temperature of 40°¢.
The water équivalent of fhe prassing air m was calculated fof
equations (13) and (16) from its density at thé true mean exit
temperature. » |

The effect of the intermediately cooled coils was deter-
mined by miltiplication of the intermediately cooled surfaces
in contact with the air le by the correction factor O
(Fig. 8) with A = 100 kg-cal/m/h/°C. The effect of the cross
current was calculated according to equations (16).and (18a)
and the difference between the cooling surfaces in contact with
water and air was calculated according to equation (17).

vAs shown by Fig. 7, even here the law is approximately
correct that radiators having the same frontal area and depth
of core with the same ratio of frontal area to cooiing surface
are equivalent, but a maximum value for @ is nevertheless to
be recognized, and indeed at a ratio d4,/ds = about 0.6. This
value of Q 1is about 1.5% greater than for a core composed of
~square tubes.

With ereater values of d,/dz, +the diminished air permea-

>
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bility has a detrimental effect, while at smaller values of
d;/dz, the diminished utilization of the intermediate cooled
surfaces has 2 detrimental c¢ffect. Even here, however, the
ratio Q/n, for approximatcly equal widths of the sides of the
tubes, has a minimum value, for which there corresponds a maxi-
rum value in work and solder consumption;

The improvernient in the cooling ef fect through the usc of
rectangular tubes, whosé narrower sides are parallel to the
dircction of the water flow, with a ratio of the sidecs
d,/d; = 0.5 - 0.8, 1is nevcrtheless worth noting, since it can

be attained without any greater outlay in work or material.

-

2. Size and lcngth of the tubes.— Figs. 8-10 show, for

tubcs of 2 - 15 mm square (inside) and 35 — 500 mm long.(depth
of cére), rith vertical water passages and with an alr vclocity
of iO n/s iﬁ front of the radiator, the air velocitics in the
tubes, the coefficients of heat transmission for air and water
and the quontities of heat transmitted. Thereby there remain

unchanged Fyy = 1 x 1 m2, o3 = 0.15 mm (Figs. 5 and 11),

o=
=

Gy = 2 m, g = 0.2 mn

2

I = 10000 kg/h, tym = 60°C,

WE
tyg = 230 C, Ypp = 1.3 kg/me.

The soldering of the frontal surfaces was assumed to be
5 mim docp on both sides, so that the water compartients had a
depth of 1, = 1 - 10. |

The nurber of tubes, air nermeability, water—-cooled and
b} £ 3
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air-cooled cooling surfaces are shown in Fig. ll_fbr a core
100 mm deep. The effect df the cross current and of the inter-
mediate wall cooling and the difference between the cooling
areas, in contact with the water and with the air, were consid-
ered the same as in the first part of this report, and the air
density ¥, = 1.133, corresponding to a mean temperature of
40°C was introduced into equations (4b) and (18a). f;e density
ét the mean exit temperature of the air was used for calculat-
ing the water equivalent m.

The tobles and diagrams demonstrate an important law, name-
ly, that for a giveh frontal area, air velocity and water flow,
the cooling effect can be increased only to a certain definite
maximun by‘increasing the cooling area, either by lengthening
the tubes or increasing their number with a simul taneous corre-
sponding reduction in their size. The cooling effeot'is fur-
ther diminished by any further increase in the cooling area,
demonstrating that such increase is without value. Since, in
.the vicinity of the maximum value of the cooling effect, its
increase or decrease isAvery slow, any lengphening of the tubes
br increasing their number is uneconomical, cven in a 1afge
region below this maximun of the Q-d-1 aTea.

With increasing length of the tubes and unchanged number
of tubes (and consequently unchanged cross-section of each tube),
the maxirmum cooling effect and the flat course of the Q-1

curve oscur in their vicinity and indeed the maximum ccoling
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valucs for longer tubes 2lso occur in larger cross-scctions.

A similar fact also holds true, with an increasing nub er
of tubes (cccreasing cross-section) and unchanged length, for
the Q-d curve. The maximum values of the oodling effect also
occur with zreater tube lengths and diameters.*

The maximum cooling effect, even for greater tube leangths
and numbers (smaller diameters), is produced by greater air
velocities, though the diffcrence is rclatively small..

In order to make the relations clear, Fig; 12 shows the
effect of the size and length of the tubes at an air velocity
of 10 »/s in front of the radiator.

These results agree very well with the experimental resulis
of the Vienna Engine Works, which show but very little greater
cooling effect with airplane radiators of 300 mm depth than
with those of 200 mm depth. These recults also accord very well
with the fact that nearly all automobile radiators, designed bn
the bosis of many years! experience, have tubes with cross-

sectional arcas of 30-70 mm®and cores seldom over 150 mm decpe

3. The frontal shape of the core of equal depth at all

points, under like conditions in other respects (especially with

* That moximum values for @ rust occur with changeable d and
1, c&n be concluded direcctly from the fact that, with very
small ¢, the cooling area is large and the air velocity in the
tubes is very small, but that, at very large values of d, the
air velocity is nearly equal to the velocity of the frece 2ir
strcam, though the cooling arca is small. With a core of small
depth, the cooling surfacc is also small, but with a corec of
grect depth, the air velocity in the tubes is small. In extreanc
cases, the quantity of transmitted heat is therefore small.
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unchanged watoer velocity), has no influence on the ccoling ef-
fect. This can be demonstratced in the following manner for
shallow radiators in which we may assuric thc mean air tempera-
ture in cach tubc to be the arithmeticol meon between the inflow
and outflow tempcra turo.

In a horizontal raalator section (Fig- 13) of the thickness

Ax, the temperature of the inflowing water is twp; of the out-

flowing water, tWA; of the inflowing air, TLE; of the outflow-

o

ng air tp,; the watcer cquivalont of the weter flowing through

pcer hour is M and of the air is

Am =1, y4&x (30)

Y

in waich y 1is the width of the section and mn, the watér
equivalent of the quanulty of air flowing through a uait aren
per hour. Thc water cnters the radiator itself at the constent
temocz‘ature TWE'

If £, dcnotes the cooling creca corresponding to 1 m? of
frontal a*ca then the cooling area, corresponding to thc frontal

area of the radiator section, is
AF =1, v A x (31)

The following cquations hold gcod for the hcat AQ +trens-

mitted in the scection Ay and for the heat Q transnitied in

* Without this assumption, the calculation would have had %o be
similar to that of Nusselt in "Der W%rveuberﬂadp im Kreuzstzrom"
alrecady rceferred to. In my opinion, however, the result of the
aporoximate calculation is more 1u01q. '
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the portion x of the core

AQ = (tLA - TLE) An

(32)

>
O
It
-
[
txq
TN
1

we hove é@ + 2 A8 ;@ + Ad = o (Tyg - Top) (53)

Bv introducing the volues for AF and &m fron equations
(30) ancd (31) ond disvegarding the very small tern AQ/H, s
also by revlacing the diffceronces by differsntisls, which is
possivlc with ¢ fair degrec of approximation with the usual rol-

atively large number of tubes, we obtain

0o
(L]

+<%—+—2—-\,—d——97—8(TWE—TLv)=O (34)
-.Al

M kf/ ydx =
and, for the total transmitted heat h
J yax
0
B A I
Q=M W3 T kG oy (35)

=)
t4
1
=3
=
ea}
g
H
l
o
[&
V3

' n
The frontal arca is represcnted oy J ydx, regardless of
the rclation of the width y to . Heace @ 1s also indcepead-
ent of thc shape of the frental surface, clthough dependent on

its size. Equation (35) is an coproximation between equations
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4. The mapgnitude of the froatal area generolly aficcts 2lso

the quontity and velocity of the water flowing through, but not
the cocfficicent of hoat transmission for nir. The water equiva-

lent of thce passing air is

o]

roportional to the frontal arca and
therefore ¥F/m  is not changed in cquation (13) by changing
thb frontal area. The cffcct of the water veclocity on the coef-
ficicnt of heat transmission is relatively srmnll and depcends
also on the rotio of the sicdes of the radiator tubes. Since,
a8 shown by couation (13), it is further reduccd by the simmul-
tancous change in the numerator and denoninator, it will be

~isregeried in this scction and the coefficicnt of heat trans-
rigssion Xk will be regarded as constant. Increasing the cool-
ing arca can effect an increose, cquality ér Cecrecase of the
water resistance and of the total cross—section of the water
passages and hence simultaneﬂﬁsly a corresdonding change in
quanfity of water flowing through, so that the following cases
must be listinguish-d.

a) The quantity of water f10w1p5 through increases in pro-
portion to the frontal area. Since the water equivalent of the
‘passing air is always proportional to the frontal area (thc
other structural dimensions remaining unchanged), Xp (or Ky).
‘Goes not change according to equations (13) arnd (16) and the
tronsanitted heat is likewisc proportional to the quantity of
water and hence also to the frontal area (Fig. 14).

b) The quantity of water and of transmittced heat increase
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fretcr than the frontal orea.

c) The quantity of water and of transmitted heat increase
slower thon the frontal area.

A spccial casc is vhen the quantity of watcr remins con-
stant. For this case, the effect of changing the frontal area
on the cooling action is shown by Fig. 14 on the radiator with
tubes having o cross—scction 6 x 6 mm?® and a length (depth of
core) of 100 rm, with an air velocity of 10 n/s and a quantity
of water of M = 10000 kg/h, whereby the other rglations cor-
respond tq the radiator mentioned in section 2. The heat trans-
mitted per unit of frontal area decreasos; in this case, as
the frontal area is increased. If the quantity of water cGe-
creasecs with increasing frdntal area, the effect on the trans-
mitted heat ‘is naturally increased. Ipn any case, the character
of the QFét curve depends largely on the meané employed for

keeping the water in motion.

5. The velocity of the air stream in front of the radiator

has the greatest effect on the cooling action, as follows, from
equations'(4a), (16), (17), and (18).

Fig. 15 shows the effect of the air velocity in the case
of the radiator with square tubes 6 x 8 mm2, 100 mm depth of
core, 1 m® frontal area, 10000 kg/h of water and under the
other conditions given in section 2. Likewise, Fig. 18 gives

the customary practical Gimensions for square tubes in the log-

arithmic scale. It shows that an approximation formula of the
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form

Q = A Wfr (36)
cannot be established for square tubes with constant =z, but
that 1 can, nevertheless, be assumed constant for quite wide
. velocity ranges.

;=3 20 50 w/s

T

0.5 0.7 0.85 (about)

This is facilitated by experiments with engine and radiator

combined.

6. The effect of the quantity of water flowing through

(as shown by Fig. 17, for the square-tube radiator also taken
as an example in’the above section at 10 m/s air velocity in
front of the radiator) is considerable for small quantities of
water, but grows continually less important with increasing
quantities of water, as ordinarily used in automobile radiators.
With "thermosyphon" radiators using only small quantities of
water, we must therefore calculate on a diminished cooling

effect.

7. The effect. of the air density in front of the radiator

is shown by Fig. 18, for the above-described square-tube radi-
ator with unchanged air velooity, quantity of air and tempera-
ture of both air and water. The transmitted heat increases
nearly in a‘direot proportion to the increasing density, allow-

ance for which must be made in aircraft radiators (in which, how-
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however, the low air temperaturc partially offsets the effcct
of the low air pressure) and in automobile radiators in elevoted

countries.

8. The temperatures of the inflowing air and water, as

shown by Figs. 19-20, for Square-tube radiators at constant air
velocity, air density énd quantity of water, have but 1ittle
effect on the characteristic Kk, so that the transmitted heat
under otherwise unchanged conditions is nearly proportional to
the differences in the entrance temperatures.

It could also be demonstrated that, with the known laws'of
fluid flow and heat transmission, thé heat abstraction by tubu-
lar radiators in an air current above the critical velocity
cadn be very accurately calculatod; that, for short-tube radia-
tors, these laws apply approximately cven at subcritical veloci-
ties; that the radiation is small and that intermediately cooled
arcas of the practically occurring order of magnitude are al-
most equivalent to the directly cooled areas.

Although individual problems ( that is, heat abstraction
by deep radiators at small air velocities and the laws of heat
transmission for water) require further elucidation throuzh
individual researches and although experimental confirmation of
the results appears desirable, the characteristics of tubular
radiators may, however, be thus satisfactorily determined, so

far as rcquisite for practical purposes.
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wm
0

A subscquent investiegation will nave to d¢o with the vroblem
q g X

|

of the best dimensions for a radiator, which will satisfactorily
abstract the heat, with the smallest weight and minimum air re-

sistance and at the lowest cost of production.

Translation by Dwight il Miner,
National Acdvisory Committee
for Aeronautics.
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