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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
O - or

AN INVESTIGATION OF AIRCRAFT HEATERS
ITT - MEASURED AND PREDICTED PERFORMANCE
OF DOUBLE TUBE HEAT EXCHANGERS
By R. C. Martinelli, E. B. Weinberg,

E. H. Morrin, and L. M, K, Boelter

INTRODUCTION

Two double tube cylindrical heat exchangers, in which
hot exhaust gases paes through the annular space and ven-
tilating air passes through the center tube, have been
tested to determine heat transfer performance and pressure
drop. One of the exchangers was equipped with a smooth
cylindrical air pipe (fig, 4), while the other utilized a
dimpled type intensifier tube (fig. 5).

The tests were performed in order

1. To establish a simple, accurate method of pre-
dicting the performance of the double tube
heat exchanger, since this design is a basic
element of practically all gas-air heaters.

2. To compare the performance of the straight and
dimpled tubes.

3, To determine the pressure drop across the units,
EXPERIMENTAL EQUIPMENT

In brief, the experimental equipment consisted of a
source of hot gases and a source of cool alr, These were
metered and passed through the heater being tested.

Measurement of appropriate temperatures and pressures
allowed the calculation of the performance of the heater,
Two sources of hot gases were utilized. The exhaust gaces
fram a 50-horsepower gasoline engine were used at first, but
it was discovered that hot gases from a natural gas burner
yielded essentially the same results with much less opera-
tional difficulty. The latter method 1s utilized at present,



Gasoline Engine Test Stand’

An analysis of the thermal resistances existing in
the double tube heat exchanger (see p, 7) indicated that
the fundamental parameters governing the rate of heat
transfer were the gas temperature and the weight rate of
gas flow per unit area. The latter parameter may be
varied by changing either the weight rate of gas flow or
the cross-sectional area through which the gas moves.

In absence of a large engine capable of producing
high exhaust gas rates, a small (50 hp) engine was uti-
lized to produce the hot gases, and high weight rates
per unit area were obtained by the use of a small exhaust
gas annulus (0.D. = 3,07 in,, I.D. = 2,00 in,).

The ventilating air was supplied to the heaters by a
Roots-type blower of 1000 cubic feet per minute capacity.,

The flow of exhaust gases was obtained by metering
the fuel and combustion air to the engine. It was not
necessary to meter the hot exhaust gases, since the
weight rate per unit cross-sectional area ig the important
parameter which can be obtained by metering the fuel and
combustion air to the engine, The latter measurements
were more easily obtained, The flow of ventilating air
was measured by means of .a callibrated lz-inch sharp-edge
orifice. ” ' - ‘

Temperatures ﬁere obtained aﬁ the following points:

1, Ventilating'air into heat exchanger

2. Ventilating air out of heat exchanger (éeé p.‘lB)

3{ Exhaust gases into heat exchanger |

4. Eihaust gases out of heat exchanger

5. Ventilating air fﬁbé‘wall (4 points)

8. Outer tuﬁe of exhaust gas annulus (4 points)

The exhéust éas temperatures were obtained by means::
of the shielded thermocouples proposed by the American

Society of Mechanical Engineers (reference 1). Chromel-
alumel thermocouples were used throughout,




Pressure drop along the ventilating air tube and the
annular exhaust space were measured by means of U-tube
water mancmeters, Carefully installed piezometer rings
were used on fhe air tube, but, owing to the congtruction
of the gas eannulus, single pressure tap holes were of ne-
cessity utilizsd on the exhaust. -gas stream,

Engine speed, load, exhaust gas analysls, barometric
pressure, and air humidity were also determined. The en-~
tire heater unit was surrounded by 2 inches of sand.

A schematic diagram of the gasoline engine test stand
is shown in figure 1,

Natural Ges Test Stand

The natural gas test stand (fig. 2) utilized a
1,000,000 Btu per hour gas burner to create the hot gases,
The flame from the burner was conducted through a converg-
ing section to the exhaust gas annulus. Part of the second-
ary alr was supplied by a small blower in order to insure
complete combustion before the gases struck the venti-
lating air tube.

The gas flow was controlled by means of a centrifugal
exhaust fan located downstream from the heat exchanger.

The rate of exhaust gas flow was measured by means of
a calibrated la by 3-inch venturi meter placed between
the heater and the exhaust fan,
All other measurements were made in the same manner
as with the gasoline engine test stand.
SYMBOLS

A heat-transfer area of air side, £t 2

Ag heat-transfer area of gas side, £t

Aw surface area of outer tube of annulus, £t°
cp unit heat capacity of air at constant pressure,
Btu/1b OF

C constant
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diameter, ft. -
inner diameter of air tube, ft
hydraulic diameter of gas annulus, ft

emisgivities of inner and outer surfaces of annulus,
respectively

unit thermal convective  conductance, Btu/hr £t° OF

unlt thermal convective conductance on air side,
Btu/hr ft° OF

unit thermal convectlve conductance on gas side,
Btu/hr f£t° OF

equivalent unit thermal conductance for radiation,
Btu/hr f£t° OF :

shape modulus, the factor in the radiation equation
which allows for the geometrical pogition of the
radiating surfaces

emisgivity modulus, the factor in the radiation equa-
tion which allows for the non-Planckian character
.of the radiation surfaces

gravitational force per unit mass,'lb/(lbbseoa/ft)
weight rate of Flow per unit area, lb/hr ft2

weight rate of flow per unit area for air, 1b/hr ft2
weight rate of flow per unit area for gas, lb/hr ft2
thermal conductivity of air, Btu/hr ft2 (°F/ft)
distance between pressure taps, ft.

pressure, lb/ft?

pressure at entrance to heat exchanger, lb/ftz
pressure at exit from heat exchanger, 1b/ftz2
predicted rate of heat transfer, Btu/hr

rate of heat transfer by convection, Btu/hr

measured rate of heat transfer, Btu/hr
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gy  rate of heét transfer by radiation, Btu/hr

r . radial coordinate measured from center line of tube, ft

To radius of pipe, ft

tp averégé‘intenqifier tube wall temperature, ©F

Lty average iemperature of outer wall of annulus, °F

T absolute temperature, °R

Tgys Ty mixed mean absolute témperatufé of air entering

heating section, °R
Tgos T, mixed mean abéolute teﬁperature of air leaving
heating section,NOR

Tg arithmetic évéfége aﬁsolute temperature of air in
heater, R

Tg arithmetic average absolute temperature of gas in
heater, ©R

Tp averageiabsolﬁte temperature of intensifier tube wall, °R

Ty average absolute temperature of outer wéll of annulus,

u velocity of fluid at any point r, ft/sec

Upay velocity of fluid at center of pipe, ff/sec

v mean velocity of fluid based on rate of discharge and
pipe area, ft/sec

vy mean velocity of fluid at entrance to heating section;

ft/sec

Vg mean veloclity of fluid leaving heating section, ft/sec

W,  air welght rate, 1b/hr
Wg  exhaust gas welght rete, 1b/hr
x coordinate measured along tube, ft

y coordinate measured perpendicular to tube wall, ft



V4 weight density of alr at any temperature and pres-
sure, lb/ft3: :

75 ' weighf density of air at entrance to heating section,
1v/ft3

¥ weight density of air leaving heating section, 1b/ft3

()

o weight density of air at temperature T, 1b/ft3
AP pressure drop across pipe, 1b/ft?

APp  isothermal pressure drop due to friction at tempera-
1 ture Ty, 1b/ft2

%% -pressure drop per foot, (1b/ft2)/ft
At difference in temperature between the tube wall and

any point y in the fluid stream, °F
At = ('r81 ~ Ta1)) Op

Atpay tube temperature minus temperature of fluid at cen-
ter of stream, OF
At tube temperature minus temperature of fluid after
complete mixing, OF

mean

Aty logarithmic mean temperature difference, °F

¢ isothermal friction factor

LTI iscthermal friction factor for air at temperature T
{ T, isothermal friction factor for air at temperature T
iT‘ isothermal friction factor for air at temperature T
B viscosity of air, 1b sec/ft2

K viscosity of alr at temperature T, 1b sec/ft2

-

a1 mixed-mean temperature of alr at entrance to heating
section, COF

ae Wixed-mean temperature of air leaving heating section,




Tgy mixed-mean tempergtufe of gas at entrance to heating

section, °F
Tge mixed -mean temperature of gas leaving heating sec-
tion, OF
Tai1 + Taz
T, = 2282 op
2
T1+ng
Tg = -§__§____, o
£ D
Nu = & ., Nusselt modulus
k
Pr = K CP & 3600 prandtl modulus
k
Re = __fiég___, Reynolds modulus
3600 p g

ANATYSIS OF MECHANISM OF HEAT TRANSFER
IN DOUBLE TUBE HEAT EXCHANGERS

In a double tube heat exchanger, in which the exhaust
gas flows in the annular space and the ventilating air in-
the central tube (fig. 3), the mechanism of heat transfer
at any point along the length of the inner pipe proceeds
as follows:

Figure 3.- Cross section of double tube heat exchanger.




(a) Heat flows from the exhaust gas to the inner tube
by convection. The rate of convective transfer

is given by:

dqg = foglTg - tpldhg (1)

(b) Heat flows between the outer and the inner tube by
radiation through a diathermanous* medium,

,'11 ‘\4 /T ‘\4-}

w “
d=.l73FF{"‘ (Rl aa 2
dr = 0175 T2 ¥B| oo/ 100/ | 8 ()

For the tubular heat exchanger (reference 2, p. 54)

"Fp = 1.00

(3)

1
FE 1 A 1 A
BTYSR

e, Ay\ex /
An equivalent unit conductance for radiation may be
defined so that :

dgy = T(Tg - tp)dAg (4)

r .
Thus, ﬁw \4, T
il - { 22
0.175 Fp FEl Ico / 1oo>
fp = - S (5)
(Tg = tp)

(c) Heat may be transferred to the inner tube by
gaseous radiation from the H;O0 and CO, pres-
ent in the exhaust gas (reference 3, p. 297).
A calculation reveals this quantity to be

negligible in most cases.

(d) A1l of the heat which is transferred to the outer
surface of the imner tube (the sum of the quanti-
ties discussed above) must be transferred to the
alr flowing through the inner tube by convection.
Thus, if the gaseous radiation is neglected

*Affording a free passage to radiant energy.




dag = dg; + dgy = fca(tp - TyldAy (6)

The three equations (1), (4), (6) allow the predic-
tion of the thermal performance of the heater., For sim-
plicity, however, it is customary to eliminate the tube
wall temperature from the equations (reference 4, p. XIV-1).
Then, upon integration along the tube length¥*

At
q, = — nm ‘
[ T T

§ — J
(fp + fcg)Ag : fca.Aa

(7)

In equation (7)

(a) The logarithmic mean temperature difference may be
determined readily from the measured magnitudes
of the gas and alr temperatures entering and
leaving the exchanger. Thuas:

(Tgl he Tal) - (ng - -Tag)'
m~ AP ‘
t . /Tg1 = Taa
nk?—————ﬁ —
. ga ag
(b) The areas A, and A, are readily determined by

g ; a
measurement. ’

At

(8)

(c) The radiant unit conductance may be calculated by
means of equation (5).

The magnitudes of the unit convective conductances
feas fog must now be predicted. '

For the turbulent flow inside a circular tube, by
reasoning based on an idealized analogy between heat and
momentum transfer, it may be shown (reference 5, D. 447)
that:

¥The use of the log mean temperature difference At,;, 1is
based on the postulate that (fp + fcg) and feg are
independent of the tube length (as well as several other
restrictions). (See reference 4, p. XIV-1.) Although all
these postulates are not exactly satisfied by the experi-
mental equipment, the utilization of the log mean temper-
ature difference will be found to be sufficiently accurate.



¢ Atmax
Nu fe 8 Atmean

VP: 5.0[§r+1n(1-+'5Pr) + 0.50 Zn.<§%«/%>ﬂ

where
¢ friction factor for smooth tubes defined by
¢l Lve
D Eg
Apax tube temperature - temperature of fluid at center
of stream, OF
Atmean tube temperature -~ temperature of fluld after com-
plete mixing, OF
Pr Prandtl modulus
Re Reynolds modulus
Nu Nusselt modulus

A close empirical approximation of the more exact
equation (9) was presented by Colburn (reference 6, p., 174)

'fc PI’Z /3 -
Gec

D

(10)

Until further data are made avallable the friction
factor to be utilized in equation (10) probably should be
that for smooth pipe, even when analyzing fairly rough
tubes, for the extra pressure drop produced by roughness
does not appear to yield a proportional increase in fg.
(See reference 7, p. 99.) .

The dimples ih the dimpled tube have an appreciable
effect on the pressure drop, but only a small effect on
the rate of heat transfer - for reasons other than the
increased friction, as is discussed in a later paragraph.
The question of the exact effect of roughness on the rate
of heat transfer needs further clarification.

For the purpose of analysis, the friction factor of
Nikuradse (reference 8) was utilized. For a range of the
Reynolds modulus of 10,000 to 100,000 the equation of
Nikuradse may be c108ely approximated (reference 9) by
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g - 0.176

~ (11)
Re 0..:-0,0 :

Solving for fc from equatlons (lO) and (ll) in terms
of the physical properties of the gas*

GO,]SO

f = 0, 948 X lo"'4(c 0,333 u'—o 467 k O, 657) (12)

DO.QO

Plotting the group (c 0333 —0.467 k, %-€67) as a

function of temperature and expressing the result as a
power function of: temperature allows the prediction of
fe at high gas temperatures., This procedure yields

0,80
_556><10 98969—5—-5'“ (13)
L. .. poE

Equation (13) may be utilized directly to determine
fog, using the inside diameter of the ventilating air
tube for D.. A 'guestion arlses however, concerning the

value of D for the annular space. Recent 1nvestiga-
tions (references 11 and 12) show that the hydraulic diam-

eter,** that is, 4 X crogg~sectional area of flow
T - wetted perimeter

utilized in the Reynolds number is a good criterion of the

turbulence in the annulus, Substitution of this dimen-

sion in equation (13) w1ll be found to yleld satisfactory
results.

, When

Some recent data (references 12 and 15) indicate that
an increage in fcg . 1s to be expected, owing to the "annu-
" lus effect." Because this correction is small

*The properties of air (reference 10) were utilized for both
the ventilating air and the exhaust gases., This procedure
for exhaust gases was rescrted to in absence of more precise
data; but it 1s probably sufficiently accurate since the
exhaust gas is composed mainly of nitrogen, and combustion
is complete.

cross-gectional area
heat-transfer perimeter:

which was suggested by Jordan (reference 13) and Nusselt
(reference 14).

**¥Ag contrasted. to the quantity 4 x
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for the heater tested and there is a lack of agreement in
the literature as to the exact value of the increase, this
refinement was not included in-the analysis, However, for
exchangers in which the diameter of the outer surface of
the annulus is much greater than the diameter of the air
tube, this correction should not'be overlooked.

=

Recapitulation .

For prediction of the performance of sgimple gas-ailr,
double tube heat exchangers the following equations are

recommended;
. , : At- S e . '
T 1,1
(fp + fcg)Ag foa Pa
.T/%\f /ELj
0,173 Fp F =) "
() £, =2 ATE LVT06/ © 109/ (15)
S (Tg,- tp)- o
. P ni ' G,0-80 .
(¢) foq = 5.56 x 104 1,0-296 Efﬁzgs (16)
Pa S
R . G 0,80 . :
) 4 n 0,296 & z -
() fog = 5.56-% 107% T NPT (17)

The above equatlions were utilized to predict the rates
of heat transfer for both the straight and dimpled tubes.
This technique -underestimates %he dimpled~tube .performance
slightly. This discrepancy is discussed in a. later para-
graph. A o

L e et

SAMPLE CALCULATIONS

Run no. Fi2 (Straight tube with mixing chamber)

Rate of air flow, W, = 382 1b/hr

Rate of gas flow, Wy = 379 1b/hr
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Inside diameter of air tube, Dg = 0,149 ft
Hydraulic diameter of gas annulus, Dg = 0.0892 ft
Heat transfer area, air side, Ag = 2,23 ft?

Heat transfer area, ges side, Ag = 2.49 ft2
Cross-sectional arsa of air flow, 0,0l75 ft2
Cross-sectional arex of gas flow, 0.0295 ft2

Air temp>:raturs ontering, 7T, , = 130°F

Alr temperature (mized mean) leaving, Tg, = 416° F
Gas temperature, entsring, Tg, = 1626° F

Gas temperature, leaving, Tge = 12430 F

(a) Calculation of the log mean temperature difference:

(b) Calculation of fgq

+ T
Ty = 1227 182 4 450 = 7330 R
2

W, .
G, = = 21,800 1b/hr ft2
0.0175 - _

Dy = 0.149 ft

0, 80
0.296 G&.

= 5,56 X 107" T, —
Dy °*

0,296 (21800)°8°

-—
(5.56) x 10~ " (733) ~
(0.149)%2°

16.8 Btu/hr ft2 OF
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(¢) Calculation of feg

R
T, =82 " 782 | 460 = 18950 R

8 2
W a
Gg = —E&— = 12,800 1b/hr £t
0.0295
Dg = 0.0892 ft
- 29¢ el 0.80
fog = 5.56 x 10" T,%7%° 8
‘D 0.20
&

16.1 Btu/hr ft2 OF

(d) Calculation of f,

The average temperature of the ventilating ailr tube
(tp) 1is required in order to calculate fp.

g = Tea Ag (tp - Ta)
and
q = Wa cp (Taa - Tal)
Thus
Wg C
t = 2P (1, -To) + T
Mlaz a1 a
P fea Ag

=382 X 0.241 (43¢5 . 130) + 278
17.2 X 2.23

9620

Experimental data indicated that the average temper-
ature along the outer surface of the exhaust gas annulus
(ty) wes 250° F less than the arithmetic average gas tem-
perature. Thus:

1435 - 250

n

ty = (Tg = 250)

11850 F
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g

The emissivity of oxidized steel 1s approximately
(reference 2, p. 46) equal to 0.79

1
Fg = -
1 Ae A 1 249 4 4
- (~- - + -1
oy A, \ea 0.79  5.87 \0,79
= 0,720
Fp = 1.00
Then [( ’
1185 + 460 952 + 460
0.173 x 0. 720 L —”7.7‘:5— < 160 >
fr = — -
.1.435 - 962 .
. ; 8. 30

(e ) Predlction of - Qg

» _Atlm B

..‘.qa _

g 1 + 1
.t (fp + 'fcg)Ag g Ag

_ 1135

1 1 ’
(8.30 + 16.1) 2.49 16.8 x 2.23

1135
0.01645 + 0.0267

26,300 Btu/hr

The observed raté ‘o‘f heat traanér iss. .

i

W Gy (Ta,,-‘r

T QM a1)

382'XHO.241(416 - 130)

26,300 Btu/hr
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The ratio for this run is

a4 26300
o = Zeso0 -
9y

DISCUSSION OF RESULTS

The data and results are presented in table I.

Ingpection of table I reveals that the rates of heat
transfer predicted by means of equations (14), (15), (16},
and (17) check the measured magnitudes for the straight tube
with an average deviation of 6 percent. The average of the
ratio of the predicted to the measured rates of heat
transfer is 0.99. It should be noted that the change from
the gasoline engine test stand to the natural gas test stand
did nct affect the accuracy of the results,

The equations (14), (15), (16), and (17) slightly
underestimate the thermal capacity of the dimpled tube. The
average of the ratio of predicted to measured rates.of heat
tranafer for the dimpled tube 1s 0.925 with a mean deviation
of +3 percent,

It may be concluded from these results that the'dimples
increase the capacity of the dimpled tube about 7 percent,
compared with the straight tube.

This increase is to be expected for several reasons,
First, the dimples decrease the cross-sectional area of flow
for the ventilating air. Equation (16) indicates an increase
in fcg owing to this change. Secondly, the dimples

provide an increased surface area for heat transfer. Lastly,
the dimples may increase the radiant. hcat transfer by acting
as partial Hohlraums (ideal absorber)

Further inspection of table I shows that the radiant
heat transfer from the outer wall of the gas annulus to the
ventilating air tube was appreciablo in the experiments.
This condition, however, may not exist in actual installa-
tions where the outer wall of the annulus is at a lower
temperaturs than existed in the laborateory. Thus the rates
of heat transfer obtained in the laboratory are somewhat
larger than may be expected under flight conditions for the
same rates per unit area.
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In order to help visualize the date presented in table
I, a curve of

(14)

isg shown plotted in figure 6 as a function: of thé Ventilatlng
alr rate per unit area for the following average experimental
conditions for the straight tube: :

Average gas tempqpature, Tg = ISOOO‘F

Average air température, Tg = 2300 F

Logarithmlc temperature dlfference) Atz = 10500 F

Unit conductance for radiation, f = 7.0 Btu/hr OF ft“
Weight rate of gas flow per unit area

Curve (l), G 13,000 lb/hr ftaﬁhf

8

Curve (2), Gg

For comparison with the predicted curves, data for
several experimental runs are shown plopted_inifigurphs,

26,000 1b/hr ft2

The data shown were corrected to a logarithmic mean
temperature difference of 1050° F by multiplying the

1050

measgured qM by the ratio :) in order to allow

direct comparison with the curves.’

The rates of heat transfer to be expected at an ex-
haust gas rate of 26,000 lb/hr ft2 are also shown. The
increase is very small at low air rates, owing to high
thermal resistance on the air side of the central tube.

A series of charts for the solution of equation (14)
for rapid calculation of heater sigzes (neglecting radia-
tion) will be found at the end of the report.
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TEMPERATURE DISTRIBUTION IN AIR STREAM

A very important point of experimental technique which
has been overlooked by numerous investigators is the fact
that, even at high magnitudes of the Reynolds modulus, a
decided temperature gradient exists across an air stream
being heated in a tube. That this must be the case may be
demonstrated by an analysis of the thermal resistances from
the tube wall to the center of the tube. It may be shown
that (reference 5) the temperature distribution in the .
turbulent core is;

' R
Pr + 1n(l + 5 Pr)+ 0.5 in = =~ L
M 60 Ty o 8 " (18)
= A —

Re
Pr + In(l + 5 Pr) + 0.5 In - e J8

Integration of the temperature distribution across the tube
yields:

To
u At
— r dr
Atmean _ Yo Umax Atmax ‘ o
= 7 (19)

Atmax o]
U r dr
o max

Utilizing the equation for the velocity distribution pre-
sented by Bakhmeteff (reference 18) gives the resulting

At
ratio of 281 ag ghown in figure 7.

Atmax

Figure 7 reveals that, unless a very excellent mix-
ing chamber is utilized, a single measurement of tempera-
ture at the center of the alr stream will introduce serious
errors. Several runs were made purposely with no mix1ng

chamber in order to demonstrate thls point,

The data are shown in table II. The apparent tem-
perature of the heated ventilating alr in these runs was
based on the readings of a single couple at the center of
the air stream with no mixing chamber. In contrast to the
satisfactory results shown in table I, the omission of the.
mixing chamber yilelded apparent rates of heat transfer
which were on the average 30 percent below the predicted
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values for the straight tube and 10 percsnt below the pre-
dicted values for the dimpled tube, The smaller discrepancy
for the dimpled tube data 18 readily explained by a con-
sideration of the temperature distribution which was measur-
ed across the tube diameter for the straight and dimpled
tubes (fig. 8) during the tests, An inspection of these
curves reveals that the dimples act as a partial mixing
chamber for the dimpled tube temperature distribution curve
is much flatter than that obtained In the straight tube.

A comperison of the experimental curves and those predicted
by equation (18) is shown. Application of equation {19) to

o A
the curves shown in figure 8 yields a ratio of Atmean = 0.80
ax
for the straight tube and 0.90 for the dimpled tube, thus
explaining the apparently greater temperature rise of the
air passing through the dimpled tube.

A direct comparison of the experimental results shown
in table II would lead to the eérroneous conclugion that the
dimpled tube was 30 percent more efficient than the straight
tube, inastead of the 7 percent- improvement. obtained by the
more accurate mensuration of the exit air temperature.

PRESSURE DROP

The pressure drop along a tube in which a compressible
fluid (gas) is being heated is not simply the frictional
loss occurring along the tube, but also includes the effect
of the expansion of the gas as it becomes heated. The lat-
ter effect produces a large fraction of the total pressure
drop, so that pressure losses observed under nonisothermal
conditions should be corrected to isothermal conditions -
or, preferably, isothermal pressure drops should be observed
if the frictional loss through the heater 18 desired 4i-
rectly.

The analysis cf the nonisothermal pressure drop through
a cylindrical tube of constant diameter is presented below,

The Bernoulli equation for a horizontal tube is:

dP . v dv ve dxv
= + L ==-0 (20)
y 8 2g D
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For a constant weight rate -there is a definite relation be-
tween velocity and density. ‘Thus,

[ ‘ . l G
' 3600
/4

vV =

or ]
-G
= 3600 v

y (Zi)

Thus the Bernoulli equation becomes

e}
s+ /8 &L fiax (22)
3600 g . 3600 2&b
. “ ‘ s

By assumption of a linear increase of velocity* with length
due to heating of the *laid the veloclity at entrance to

the beating gsection is vl, =and'a exit vl : __:> Thus at

any peint x along the heatlng lehgth

Vo=V, o+ v1<753 - ;\ 5. (23)
J: /N

where T, and Tz are thé absolute mixed mean tempera-
tures of the fluid entering and leaving the heating gection.

Substituting tbe above equatlon in the Bernoulll
expression and Integrating** yields.

. G - a Vi /T + T>
P, - P - , 24
(Py 2) 3600 g(vl gTa 3600 2gD<;\ (24)

Substituting

S
© 3600 ¥,

*The increase in velocity is actuvally exponential, but as a
first approximation a linear variation may be utilized.

**pAgsuming { to be constant, Actually '-§ varies slightly
with length due to the changec in Reynolds modulus as the
fluid becomes heated.
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G
3600 7,
;iz% = EE 7&n .T11+ ié ;;Tam
e T, > -
yie’ds -

e .2 T ]
e [@1.%) .._.._./__l)}
(ssoo) 2g 71 (3600)27,8 \T /1

(25)

- To obtain the 1scthermal'head 1css at the temperature
T,, the frlction factor LTé mugt be replaced by the

friction factor calculated at the. temperature . Tl'(ng)

" The friction factor {reference 9) usually is expressed

o <;coo g I :)

~ but (reference lO

asg

hp & T2 /3
: g Ta \f V13 .
Ta Ty ']:'1 o

" Thus .

/

Thus the flnal equation beccmes-_'

ce Ny .
gT =) bl
\ T2 (3600)% 2g 7, D

L1183 o o - = :
¥<};L:> [(P1 - Py) - —-8 — <}?§ - \) (26)
RN (3600)% ¥y 8 \J1
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where
QT Ga %> = APp_, ‘the igothermal pressure
1 (3600)° 2g 7, 1" Qarop due to fricticn

at temperature T,

A similar derivation is presented by McAdams (reference 2
. 130), :

Thus thelisbthermal‘head loss due to friction, based
on the temperature Ty 1is equal to the measured non-.
isothermal head loss (P, - Pp) 1less a correction

G2 /1&1.; 1 and.is multiplied by the ratio
(3600) 7, g\T,

T
known, the nonisothermal loss may be calculated.

T e /T
(Py - Pp) = APp, a) : (-_E - B (27)
(3600) 7,8\I, ./ :

It should be noted that the nonisothermal head loss is
greater than the isothermal for a fluid heating, but less
for a fluid cooling.

) 1,13 S '
E%;> . . Conversely, if the isothermal head loss is

Several runs were made in order to check the validity
cf the derivation shown above.

The data and results are shown in tables III and IV,
and are plotted in figures 9 and 10.: A series of runs was
made to obtain the isothermal pressure drops (table III),
and another set of data obtained under nonisothermal
(heating) conditions (table IV).

Inspection of figures 9 and 10 reveals that for both
tubes the pressure drop* during the nonisothermal condi-
tions 1s, roughly, twice that during isothermal conditions.

*The pressure drop per foot is plotted for convenience, but
it should be remembered that this value is only an average
for the pressure drop will not be a linear function of length
due to heating of the ventilating air,
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Application of equation (26) reveals that this discrepancy
is due largely to the effect of the reduction of the air
denslty upon heatlng, and the resulting increase in fluid
velocity, Some of the increased pressure drop is due also
to the increased alr viscosity in the laminar sublayer
(reference 5) ‘

Equation (26) was utilized to predict the isothermal
pressure drop from the nouisotherga; as follows:

(a).The quantity, :

1,13 _ .
T \Tq . (3eoo)° 7 8

wag computed. This magnitude is. the 1s0therma1 pressure drop
to be expected if the air passing through the heater is at
the temperature T,.

(b) From equation (26) it is noted that, if the iso-
thermal pressure drop at any‘other temperature T 1is de-

sired, ‘
. 1, 13 ‘
APT ‘ T 71 (28)
APT

For direct comparison to the 1sothermal data which were
obtained at 78° F all the magnitudes of. APT vere correct-

ed to 789 F by means of equation (28)

The isothermal pressure drops computed in this manmner
from the nonisothermal. data checked the measurcd values with-
in 27 percent for the straight tube and 7 percent for the
dimpled tube. Thus, equation (26) appears to be reascnably
succesaful in correlating the isothermal and nonisothermal
pressure drops in tubular heat exchangers.

. As a further comparison, the 1sothermal friction fac-
tors for the dimpled and straight tubes are compared to the
smooth pipe data of McAdams (reference 2, p. 172) and
Nikuradse (reference 8) in figure 11. The magnitudes of the
friction factor for the straight tube lie somewhat above the
smooth pipe curve. The friction factor for the dimpled tube
is about 1.6 times that for the smooth tube. This increase
18 to be expected because of the effect of the dimples.
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On the gas side of the exchangers the following aver-
age nonlsothermal pressure drops were obgerved for a gas
rate of 420 1b/hr,

Nonisothermal Pressure Drop

/e -

ft - 8 - 8z
Stralght tube 2.62 15009 F 10000 F
Dimpled tibé . 3.24 .. 1500° F 1000° F

: - The 1gothermal pressure drop would be someﬁhat greater,
. ag 1s shown by equation (26).

CONCLUSIONS.

1. The data presented in this section indicate that for
testing the thermal output and the pressure drop performance
of double tube heat exchangers, hot gases produced by a
natural gas burner yield results substantially similar to
engine exhaust gases. .

2. Equations (14), (15), (16) and (17) are applicable
to the predictions of the rates of heat transfer in double
tube heat exchangers (exhaust gas to air),

3. The dimpled-type tube shows a slighf advantage (7
- percent) in heat capacity over the straight tube.

4. Unless a well-designed mixing chamber is utilized
at the point where the temperature of a nonisothermal gas
‘stream 1s measured, appreciable errors will result in the
measured temperature

5. The nonisothermal pressure drop along & tube in which
a gas flows differs widely from the isothermal friction loss.
"Equation (26)-allows the prediction of the isothermal loss
from the nonisothermal and equation (27) may be utilized to
ealculate the, nonlsothermal pressure drop when the isothermal
is known. :

‘ 6. The isothermal friction factor for the dimpled tube
is 1.6 times that for the straight tube. The latter is some=~
what greater than the friction factor for smooth pips.

University of California,
Berkeley, Calif,
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APPENDIX

In order to facilitate the quick estimate of the heat-
ing capacity of any double tube heat exchanger, a series of
charts have been drawn which sllow the graphical determina-
tion of heater capacities, These charts are based on equa-
tions (14), (16), and (17). Radiant heat transfer is
omitted. . - o

Chart A allows the determination of the log mean
temperature difference’ Atlm when the terminal temperature
differences are known, ' S

Chart B allohs'thehdeteﬁmlnatldn of the thermal re-
sistance of the heater per foot of length

\> when the rates of gas flow air flow, and
ch/A FcP,

the cross-sectional design of the heater are known,

The thermal output of a given heater 4gq oOr the

of heater required ﬁo‘giveiaﬁcertain'output N may be
determined from tle gimple equation

S At m X N
4, (A1)

6]

N length of heat exchanger, ft

where

P  heat-transfer perimetef, ft .

An example is presented to clarify the use of the charts,
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Example
Given a heater with the cross section shown in flg. 12.

The heater is 3 ft long. The following design conditions -
are assumed: ’ :

Rate of exhaust gas flow . . . . . . . . . . 6000 1b/hr
Rate of ventilating air flow . . . . . . . . 2000 1b/hr

Temperature of exhaust gas entering - T
heatér . . . 4+ « ¢« « « « 4 » « « « + « o 1B00°F

Temperature of exhaust gas leaving . : E
hoater . . + . + v « o o o o o o o s o o 11009 F

Temperature of air entering heater . . . . . =600 F
Temperature of air leaving heater . . . ., . 4000 F

To determine:

1. The output of the heater if the alr flows in the
spaces marked A in fig. 12, and the exhaust
gases in the central space (B, C).

2. The output of the heater if the flow is the same as
under 1, but the central 3 inch hole (C) is
closed off '

3. The output of the heater if the ailr flows in the
spaces marked B and the exhaust gases through A,

4. The average temperature of the heat transxer sur-
face under the above conditions. \

Notes: 1. Pressure drop and manifolding design considerations
have been neglected, These, of course, may
invalidate gome of the combinations proposed
above.

2. The assumed temperatures will change with the
heater output, but as a first approximation,
the temperatures willl be considered unchanged.




”Ffom”fig[‘Ié'thé“fSlIoWing'&été”aré'BBtaiﬁedf'

- TABLE V.- HEATER DATA -
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Proposal | Proposal } Proposal
(1) (2) (4)
Cross-seGtional area of air .
flov (sq in. ) 31.4 31.4 11,8
Cross-~ sectlonal area of gas :
flow {sq in.) - 18.9 11.8 C 31,4
Wettedwperimeteruofwair~~i e C e
flow (in.) - 105 105 89
Wetted perimeter of gas
flow (in.) 80 89 105
Heat-transfer perimeter for ..| - .- .- - :
air (in.) 80 80 80
Heat-transfer perimeter for
gas (in,) 80 80 80

The average gas temperature is 1350° F.

temperature is 170° F,
gas and air are:

At entrance At,
At exit L Atp
From chart A:

At Aty = 1660° F,

16600 F

© 7009 F

The average air
‘The temperature differences between

At r7oo° F, Atzm = 1100° F

From chart B, enterlng with the weight rate of air or
exhaust gas flow, and proceeding as shown by the ‘dotted

line, the following values are obta1ned~
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TABIE VI.- THERMAL RESISTANCES FROM CHART B

Proposal | Pfqﬁcsalm-"PrOPOSal"
o | @ | e
FAIN °F 0.0175, 0.0175 10,0062 -
(\;ch iy (Btu/nr £t) )
\ . — ,0034 ©,0020 |., -.0053
£ Jgag = (BEU/hr ft)
(-}—> +/ 1\ ,0209 ,0195 ,0115
£eF Joir \ P/ﬂas o Do L

Substituting in equation (A1) for a heater length of»
N = fte* ' : :

Btom N

Bl

Proposal (1) Qg = 157,000 Btu/hr

'qa

Proposal (2) gy = 169,000 Btu/hr

it

Proposal (3) 4g 287,000 ‘Btu/hr

Inspection of table VI veveals that ‘when the gas flows
in the B spaces and the air in the A Bspaces, the thermal
resistance on the air side is so large that the heater -
capacity is low. Closing off the central hole has little
effect on the heater capacity. But, by reversing the
position of the air and the gas (proposal 3) the two thermal
resistances are equalized and the heater capacity is practi-
cally doubled, The optimum condition for heat transfer
normally would be one in which the air and the Jas side
resistances are about equal,

*For more accurate calculations the log mean temperature
difference Atyy should be recalculated to agree with the

thermal output of the heater,
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Chart B may be used to design for this condition., If
the length of heater at capacity and the log mean tempera-
ture difference are fixed, the total resistance

i:z +(:‘ :) - may be determined. One- half of this

total resistance will be the desired resistance on the gas
or the air side. Utilizing chart B, by choosing various
combinations of cross-sectional.areas and perimeters, a
heater may be evolved with the desired characteristics,

The average temperature. of the heat-transfer surface
also may be estimated. By analogy to electrical circuits
(reference 17) the average temperature of the heat-transfer
surface may be estimated from the resistances shown in
table VI.

Thus for proposal (1)

Total resistance . . , . . . . . 0.0209 —k
Btughr ft

Gas side resistance ., . . .. . 0,0034 —————u
Btu/hr ft

Average gas temperature . . . . 1350° F

Average air temperature . . . . 170° F

Difference . . . . . . . . . . ., 1800°F

Thus the drop in temperature from the gas to the tube
wall is

0.0034
T, - t, = === x 1180 = 192C0 F
g P 0.0209

or = 1350 - 192 = 1158° F

p
In a similar manner for

12290 F

Proposal (2) tp

Proposal (3) tp 805C F

]
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Thus, the proper proportioning of the thermal resistances
on the air and gas side not only improved the heater capacity,
but lowered the temperatures of the heat transfer surface
over 400° F, : «

The foregoing method however, will not reveal local high
temperature conditions whlch may exist in a heater because of
improper design of entrance conditions, manifolding, etc.

 The above example was selected to 111ustrate the use of
the charts and is not to be considered a suggested'design.

The authors wish to express appreciation to Messrs. H. F,
‘Brockscmidt, M. Tribus, D. Dubain, M, A, Miller, and F. Hamaker
for their help in the performance of the tests and the prepas-
ration of the report, and to Messrs, H. Fagles and H, Poeland
for constructing the laboratory equipment,
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TABLE III.— ISOTHERMAL PRESSURE DROP -~ AIR SIDE

Messured
Wo Gg T, | pressure|Reynolds|{Friction
Run drop number factor
< 1b ) <1b/ft2>4
(1v/hr)\nr £t3/|(°F) ft
Straight tube (distance between pressure taps, 6.16 ft)
XIis-1 394 22,500 78 1.47 75,400 0.0269
KIis-2 411 23,500 78 l1.64 78,900 .0272
KIS-3 561 32,100 78 2.58 107,500 .0229
KIS—-4 631 36,100 78 3.14 121,000 .0221
KIS-b 681 38,900 78 3.33 130,000 .0200
Dimpled tube (distance between pressure taps, 6.21 ft)
XID-1 670 34,600 78 4.42 122,000 0.0354
XID-2 617 32,200 78 3.84 113,000 .0354
XID-3 525 27,200 78 2.93 96,000 .0382
KID-4 456 23,600 97 2.48 81,100 .0412
KID-5 408 21,200 97 2.18 73,000 .0448
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NACA Figs. 4,5
STRAIGHT TUBE

57" —
HEATED LENGTH

CROS5 - SECTIONAL AREAS
Aik SIDE = 0.0175 ft.2
GAS SIDE = 0.0295 t1.2

HEAT - TRANSFER AREAS
AIR SIDE {Ag)= 2.23 12
GAS SIDE (Ag)=2.49 112
HYDRAULIC DIAMETERS
AIR SIDE (Dg)= 0.149 ft.
GAS SIDE (Dgy= 0.0892 ft.

fig. 4

DIMPLED TUBE

i
3/|6'H' & SPHERICAL RADIUS
1 ‘
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I . 1 :_‘77 — 9" . R . ‘—.1
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HEATED LENGTH

CROSS-SECTIONAL AREAS
AIR SIDE = 0.0193 ft
GAS SIDE = 0.0295 12

HEAT - TRANSFER AREAS .
AIR SIDE (Ag) = 2.34 ft!
GAS SIDE (Ag) = 2.49 12

HYDRAULIC DIAMETERS
AIR SIDE (Dg) = 0.157 ftt.
GAS SIDE (Dg) = 0.0892 f1. tig. 5
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NACA Figs. 6,11
PREDICTED THERMAL OUTPUT OF
THE STRAIGHT TUBE EXCHANGER
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Figs. 7,8
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Figs. 9,10
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