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In the design, selection and rating of forced - circulation 

finned tube heat exchangers for air -heating applications, it is often 

desirable to compare the heat transfer rates obtainable from the 

two common heating mediums of steam and hot water. The usual 

basis for comparison has been to rely on actual performance tests 

of the finned tube heat exchanger using steam and hot water as the 

heat sources. This evidently necessitates the laborious procedure 

of conducting two separate series of tests with steam and then hot 

water as the heating medias. It is clear that a considerable simpli- 

fication in testing procedure would result if some general method 

for correlating the steam and hot water heat transfer rates was 

available. In which case, heat transfer rates determined from a 

series of tests using steam as the heating media can be converted 

( 



into hot water heat transfer rates by the application of such a cor- 

relation; hence, eliminating the necessity of testing with hot water. 

The present investigation was directed toward the develop- 

ment of a correlation for steam and hot water heat transfer rates. 

Experiments were conducted with a finned tube heat exchanger si- 

milar in construction to those used in central fan and fan -coil sys- 

tems. The experimental equipment was designed such that either 

steam or hot water could be supplied to the heat exchanger, while 

air, drawn into the duct by a centrifugal fan, flowed over the fin- 

ned surface. Test variables included steam pressures from 2 to 

15 psig; air face velocities from 300 to 1200 ft /min; and average 

hot water temperatures in the range of 120 °F to 230 °F. Sufficient 

data were recorded to determine steam -to -air and hot water -to- 

air heat transfer rates, air face velocities, air static pressure 

drop through the test core, andnon dimensional heat transfer and 

friction characteristics. 

The experimental phase of the investigation was supported 

by a preliminary heat transfer analysis for a finned tube heat ex- 

changer employing steam and hot water as the heating mediums. 

Results of the analysis anticipated several parametric forms for 

the correlation of steam and hot water heat transfer rates. These 

results were applied to the analysis and correlation of experimen- 

tal data. 



Results of this investigation have shown that the parameter 
Qw Ts -ti 

C = 
Q -t can be used to correlate a wide range of hot 

s o 

water and steam heat transfer rates into a relatively compact re- 

presentation. From a consideration of the factors influencing the 

correlation parameter C, it is believed that the values of C esta- 

blished in this study can be applied to various types and designs of 

forced -circulation finned tube heat exchangers. 

To 
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NOMENCLATURE 

a Wall thickness term; for tubes, a = (1 /r ) ln r /r. per unit 
0 o i length. 

A Area of surface, ft2; A and Ah, total cold fluid and hot fluid 
side heat transfer area A average wall or prime area; 
Amin, minimum free flow area; Afr, face area of the heat ex- 
changer; Af, fin area. 

c Specific heat at constant pressure, Btu /lb -°F. 

D Diameter of tube, outside or inside as specified, ft. 

Dh Hydraulic diameter for air flow, Dh = 4(Amin /Ac) L, ft. 

f" Friction factor. 

FV Air face velocity, FV = Wa /piAfr, ft /min. 

G Mass velocity, G W /A or G = W /A ; lb /ft2 -hr. max a min min a fr 

g 
c 

Gravitational constant, 32. 2 ft /sec2. 

h Film coefficient; h and hh, effective cold fluid and hot fluid 
side film coefficients; ho, pure film coefficient; Btu /hr- ft2 -°F. 

K Ratio of air temperature rise to initial temperature difference 
between hot and cold fluid. 

k Thermal conductivity, Btu /hr- ft2- °F /ft. 

Air flow length of the heat exchanger, ft. 

NR Reynolds' number, (Gmax Dh /µ ) 

Pr Prandtl number, (µc /k). 

Rate of heat transfer, Btu /hr. 

R Ratio of exterior to interior heat transfer area, R = Ac /Ah. 

T Hot fluid temperature; Ti , inlet; To, outlet; Tm, . average; °F. 

t Cold fluid temperature, °F. 

V Velocity, ft/ min. 

= 

0 

L 

Q 

m 

P 

P 



W Flow rate, lb /hr. 
Z Water temperature drop, (Ti-To), °F. 

Greek Letter Symbols: 

AP Air static pressure drop, inch of water. 

ATLM 
Logarithmic mean temperature difference, °F. 

r1f Fin efficiency based on a fin of infinite thermal conductivity. 

Tlo Temperature effectiveness of finned side area. 

µ Viscosity, lb /hr -ft. 

p Density, lb /cu -ft. 

Capital Greek letters such as (I), i, and S2 indicate function 
of the term enclosed in the parenthesis. 

Subscripts: 

a Refers to air. 

cr Critical value. 

c "Cold" side of heat exchanger. 

h "Hot" side of heat exchanger. 

i Inlet conditions. 

m Mean or average conditions 

o Outlet conditions 

s Refers to steam. 

w Refers to hot water 



CORRELATION OF STEAM -TO -AIR AND HOT 
WATER -TO -AIR HEAT TRANSFER RATES 
FOR A FINNED TUBE HEAT EXCHANGER 

CHAPTER I 

INTRODUCTION 

The addition of fins to the external surfaces of bare tubes 

in a conventional heat exchanger is a proven and effective method 

for increasing the rate of heat flow per unit of the basic surface. 

In those cases where the thermal resistance of the fluid surround- 

ing the tubes is substantially greater than that of the fluid within 

the tubes, the application of this concept is particularly advantage- 

ous, resulting in a reduction of the controlling thermal resistance, 

and hence, an increase in the rate of heat transfer. Heat transfer 

equipment of this type are commonly known as finned tube heat 

exchanger s. 

In the heating and ventilating industry, finned tube heat ex- 

changers are used extensively for air-heating applications. Gen- 

erally, these applications may be divided into two classifications, 

according to the dominant mechanism by which heat transfer is ef- 

fected: 

(1) Natural convection (or gravity - recirculation) air heating. 

Natural convection is the mode of heat transfer in which 

the movement of the fluid being heated (or cooled) results from 



buoyant forces generated by density differences within the fluid. 

The rate of heat transfer is controlled by how rapidly the air con- 

vection currents can carry the heat away; i. e. , air velocity, in 

most cases immeasurable. The basic finned tube unit consists of 

thin metallic fins, usually rectangular or circular in shape, mount- 

ed normal to the axis of the tube and spaced at definite intervals 

along the length of the tube. These units are used for room or 

space heating. Depending on the manner of installation and the 

type of enclosure, if any, the finned tube heat exchanger for this 

application is designated as "convector ", "finned tube type of base- 

board", or "finned tube unit" (2, p. 207 -210). 

(2) Forced circulation (forced- convection) air heating. 

The limitations on the rate of heat transfer imposed by 

natural convection can be overcome by artificially "forcing" the 

air to flow rapidly over the heating surface with a fan or blower. 

By such means, the heat transfer rate can be increased several 

times over that of a natural convection type heating unit of the 

same heating area. Two schemes are normally employed for 

forced -circulation air heating: The central fan -coil system; and 

the unit heater. In the former, the system is composed of a fan 

and motor, finned tube heat exchanger, and an air duct system. 

The system is usually assembled in the field, rather than in the 

2 
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factory as a unit. The unit heater, as implied in the name, is a 

self- contained factory assemblage of fan and motor, and a finned 

tube heating unit. These units may be the suspended type, where 

the heater is placed above the zone of occupancy; or the floor type, 

with the unit being installed within a floor mounted housing. The 

finned tube heat exchanger for both the central fan system and unit 

heater is usually similar in construction. Commonly termed heat- 

ing coils, fan -coils, or blast coils, the finned tube heat exchanger, 

as viewed from the front, has a rectangular face and consists of a 

metal casing that encloses horizontal finned tubes extending across 

the entire width of the heating coil. The finned tubes are spaced 

at regular intervals in a vertical row. Many heating coils employ 

two or more vertical rows of finned tubes; in which case, each 

succeeding row is staggered with respect to the preceding row. 

Fins, usually aluminum, are bonded normal to the axis of the tubes 

and spaced at regular intervals along the length of the tubes. The 

fins may be continuous or interrupted. Looking at a vertical plane 

cut normal to the tubes, if the fin extends for the height and depth 

of the heating coil, and the tubes are completely surrounded by a 

single sheet of fin, the fin type is continuous; if individual fins, 

rectangular or circular in shape, are placed on each tube in this 

plane so that there are spaces between adjacent fins, the fin type 
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is interrupted. The central- fan -coil system is usually used in 

concert with other air- conditioning equipment to provide year - 

around central heating and cooling to residential, public, and in- 

dustrial buildings. The unit heater is used principally for heat- 

ing commercial and industrial structures such as garages, fac- 

tories, and laboratories. Where many different rooms must be 

heated, it may be advantageous to use a central fan -coil system 

rather than installing single (or groups of) unit heaters in each 

room. 

In the design, selection, and rating of finned tube heat ex- 

changers for air heating applications, consideration must be given 

to the type of heating medium within the tubes. For the finned 

tube heating elements described above, the most common heating 

media are steam or hot water. The selection of the heating media, 

steam or hot water, is generally governed by economic, mainte- 

nance, safety, and logistic considerations, as well as technical. 

Economically, for example, a hot water heating system may be 

lower in capital investment and operating costs because of the 

smaller pipe sizes required for the supply and return of water to 

and from the heating element; and by the elimination of steam 

traps and delicate devices such as pressure regulating valves 

which, in steam systems, must be continually serviced. With 
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respect to technical considerations, the major one is the rate of 

heat transfer, or simply heat output. In the design selection 

of finned tube heating elements, it is often desirable to compare 

the heat transfer rates obtainable with steam and hot water as the 

heating medium. For example, if steam at 15 psig is supplied to 

the heating element, what temperature of water is necessary to ob- 

tain the same heat output (all other conditions being the same)? 

Or, if water is supplied at 230 °F, can this same heat output be at- 

tained with 5 psig steam? Questions of these types, in coordina- 

tion with the non - technical considerations, must be resolved in 

order to make a wise selection of the heating medium. 

The comparison of steam and hot water heat transfer rates 

for finned tube elements is usually based on actual performance 

tests. To secure comparative ratings, tests must be conducted 

with both steam and hot water as the heating medium. The requi- 

site equipment for supplying steam to the heating element under 

test is relatively simple; if a main steam line is available, steam 

can be tapped off the line, throttled to the desired pressure, and 

supplied to the heating element. For conducting hot water tests, . 

considerable more equipment is necessary to supply water to the 

heating element. A pump may be required to circulate the water, 

and some flexible method for heating the water to different 

- 
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temperatures. If the water heating equipment is selected as an- 

other heat exchanger using a hot fluid to heat the water, an addi- 

tional pump and piping system will be required. However, the dif- 

ficulties inherent in hot water performance tests have been parti- 

ally overcome for the testing of natural convection "finned tube 

units ". It is the general practice among manufacturers to test 

these units with steam only, and then convert the steam heat trans- 

fer rates into hot water ratings by applying conversion factors es- 

tablished by The Institute of Boiler and Radiator Manufacturers. 

These factors, contained in the "I =B =R Testing and Rating Code 

for Finned Tube Type of Radiation" (8, p. 7), are reproduced in 

Table I. 

Table I. Factors Used to Convert I =B =R Steam Ratings 
to Hot Water Ratings at Temperatures Indicated 

Average Radiator 
Temperature, °F Factor 

150 0. 45 
155 0. 49 
160 0. 53 
165 0. 57 
170 0. 61 

175 0. 65 
180 0. 69 
185 0.73 
190 0.78 
195 0. 82 
200 0. 86 
205 0. 91 
210 0. 95 
215 1.00 
220 1.05 
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For forced- circulation heating coils, a study of the litera- 

ture disclosed that no comparable method for converting steam 

ratings into hot water ratings had been established. As a result, 

this present investigation was undertaken with the express purpose 

of developing such a correlation of steam and hot water heat trans- 

fer rates for a finned tube heating coil with forced - circulation of 

the air. It was proposed that the correlation, in order to be of 

value in the selection and rating of heating coils, be presented in 

a convenient and direct form, easily adaptable to interpretation. 

This study, somewhat exploratory in nature, was essentially ex- 

perimental, although a preliminary analysis was conducted in sup- 

port of the experimental work. Experiments were conducted with 

a finned tube heat exchanger similar in construction to those used 

in central fan and fan coil systems. The tests were designed such 

that either steam or hot water could be supplied to the heating coil. 

Sufficient data were recorded to determine the steam and hot water 

heat transfer rates for the finned tube heating coil. Secondary ob- 

jectives of this investigation were the determination of the air 

static pressure drop across the heating coil, the air -side heat 

transfer coefficients, and the friction factor. 



CHAPTER II 

ANALYTICAL CONSIDERATIONS 

The initial phase of this investigation was directed to the heat 

transfer analysis of a finned tube heat exchanger. The primary ob- 

jective of this analysis was to derive relationships that could even- 

tually be applied to the analysis and correlation of experimental 

data.,- Assumptions were made to reduce the appropriate heat 

transfer equations into a form showing functional relationships be- 

tween the rate of heat transfer, the air face velocity, and the hot 

fluid temperature. 

The analysis ' was conducted for a finned tube heat exchanger 

having the following description: 

1. Fins were employed only on the outside surface of the 
tubes. 

2. Application of the heat exchanger was in the range where 
average air temperatures were less than 175° F and air 
face velocities below 1200 feet per minute. 

Two cases corresponding to the steam and hot water heat sources 

were considered: (1) Steam condensing inside the tubes with air 
1/ - Because of the highly complex flow patterns associated with 

finned tube heat exchangers, Schenck (15, p. 104) among 
others, has noted that a completely analytic treatment of com- 
pact surfaces may never be possible. In view of this, no at-. 
tempt was made to obtain numerical predictions for the cor- 
relation. 

8 



flow over the finned surface; and (2) hot water flowing inside the 

tubes and air flow over the finned surface. In the first case, the 

variables were air face velocity and steam temperature; in the 

latter, air face velocity and average hot water temperature, for a 

fixed water temperature drop. Results from the analysis of these 

two cases were combined and analyzed to develop a correlation 

for steam -to -air and hot water -to -air heat transfer rates. 

A. Heat Transfer Analysis 

In general, the rate of heat transfer for any conventional two 

fluid heat exchanger is expressed by the relation 

Q = UhAhA Tlm 

where Q = rate of heat transfer, Btu /hr 

Ac = exchanger total cold fluid side heat transfer area, ft2 

Ah = exchanger total hot fluid side heat transfer area, ft2 

U = overall coefficient of heat transfer based on A, 
c 

Btu - ° F-ft2 

= overall coefficient of heat transfer based on Ah, 

Btu /hr- ° F -ft2 

ATlm = logarithmic mean temperature difference between the 

hot fluid and cold fluid, °F. 

9 

=U ALT 
c c lm 

(1) 

c 

Uh 

.. 



lo 

The overall coefficient of heat transfer based on the cold side 

is defined: 

1/U = R/hh + 1/h + A JA k 
c C p 

where R = A /A and h and hh are the effective convective 
c h he h 

film coefficients for the cold side and hot side, respectively. The 

term "a" is a measure of wall thickness; k is the thermal conducti- 

vity of the wall material; and A is the average wall or prime 

area. 

For a finned tube heat exchanger employing fins only on the 

cold fluid side of the exchanger, the overall coefficient of heat 

transfer is modified to account for the temperature ineffectiveness 

of the cold side finned heat transfer area. Neglecting the resist- 

ance to heat flow through the thin metal tubing, 

1 /Uc = R /hh + 1/10h 

where the cold side pure film coefficient is denoted by ho and the 

temperature effectiveness of the cold side area by-io. Evidently, 

he = .oho. Writing Equation (1) for a finned tube heat exchanger, 

Ac AT 
= (Z) 

R/hh + 1 Aricho 

B. Case I -Steam Condensing Inside the Tubes with Air Flow Over 
the Finned Surface 

The flow arrangement and temperature -area profile for this 

Q 

0 
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case are shown in Figure 1. 

Simplification of Equation (2) is possible for this case due to 

the fact that the steam side thermal resistance is generally less 

than ten percent of that of the air side. If this assumption is made, 

the total overall coefficient of heat transfer is equal to 90 percent 

of the effective air side film coefficient. Thus, 

U =0.90r1 h 
c o o 

Then, Equation (2) reduces to the form 

Q = O. 9010ho Ac OTlm (3) 

The air side pure film coefficient, ho, is usually a complex func- 

tion of the surface geometry of the finned tube heat exchanger, fluid 

properties, and the flow conditions. For this reason, the air side 

film coefficient is established by experimental methods. Kays and 

London (13) have shown that the air side pure film coefficient for 

various types of finned tube heat exchangers can be expressed in 

the form 

(ho/Gmaxcp) Pr 2/3 
= (G max Dh/µ ) 

n 

where n is an experimentally determined constant; G the max 

mass velocity based on the minimum free flow area; Pr the 

Prandtl number, and Dh the hydraulic diameter. 

A simpler correlation for the air side effective film coeffi- 

cient has also been suggested by Brown and Marco (3, p. 236) in 
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the form of a modified Grimison equation: 

h = C Gm/D1-111 
c 1 

where C1 and m are experimentally determined constants; 

13 

(4) 

the mass velocity based on the minimum free flow area of the face 

area; and D the outside diameter of the tubes. This correlation 

is applicable to a specific fluid in a limited temperature range 

where small variation occurs in the value of (k /µ m). For air in 

the range from 100 °F to 175 °F, the variation in (k /µm) for a 

typical value m = 0.5 is less than six percent. 

For purposes of this analysis, the air side effective film co- 

efficient shall be assumed to be given by Equation (4). Applying 

this relation for hc in Equation (3): 

Q = O. 90 C1 (Gm /Dl -m) Ac Tlm 

The mass velocity G will be based on the face area of the ex- 

changer. That is, 

and thus, 

Gfr = Wa/Afr; and Wa = p.FV Afr 

T 

fr - Pi 
p.FV 

where Wa is the air flow rate; Afr is the entire face area of the 

finned tube heat exchanger (length x width); FV the face velocity 

of the air; and p. the inlet air density. Substituting this last ex- 

pression for Gfr into the previous heat transfer rate equation, 

G 

c 

1 



(Pi FV)m 
Q 

1 
Ac OTlm 

D 

Examining this equation, it is evident that every term except 

FV and ATlm 

14 

p° 

are constants for a given heat exchanger. If the 

inlet air is drawn from surroundings where the ambient pressure 

is roughly atmospheric, the term (p,)0 8 is essentially a constant 

over a wide range of air temperatures (for example, 30 °F to 80 °F). 

Thus, by replacing the constant terms by C2, the last equation 

may be written: 

Q = C2 (FV)mATlm 

The logarithmic mean temperature difference is defined: 

AT - lm ln(AT )O(AT ) max min 

AT - AT max min 

(5) 

where AT max and AT min are the maximum and minimum tem- 

perature differences between the two fluids. For the flow arrange- 

ment under consideration (see Figure 1), steam is condensing at a 

sensibly uniform temperature Ts, while air enters the exchanger 

at t. and leaves at to. The maximum temperature difference is i 

given by (T -t.), and the minimum temperature difference by 
s 

(T -to). Thus, the logarithmic mean temperature difference is 

(Ts-ti) - (t 
s 
-t 

o 
) 

ATlm in (T -t.)/(T -t ) si so 
(to-ti) 

ln (T -t.)/(T -t ) 
s i s o 

= O. 90 C 1 

s o 

- 
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Rearranging the logarithmic term in the denominator: 

(T -t.) 
in (T -t,) /(T -t ) = ln s 

s i s o (T -t.) - (t -t.) 
s i o 

= ln [ 1 - (t 
o i 

-t )/(T 
s 
-t. )]-1 

The last expression can be expanded in the form of a Taylor's 

series in terms of the parameter (t -t.) /(T 
o 1 s a 

ln [1 - (to-ti)/(Ts-ti)] -1 = K(1 +K/2+K2/3+K3/4+..... ) 

= K 1 Kn-1 

n=1 

From thermodynamic considerations, the term K .(t - t.) /(T -t ) 
o 1 s o 

will always be less than one; thus, the above series will converge. 

Substituting the last expression into the equation for OT1 m 

ATlm in (T -t.)/(T -t ) si so 
(to -ti) 

(Ts -ti) 

1 Kn-1 
n 

1 

The term K is the ratio of the air temperature rise to the initial 

temperature difference between the air and steam. From physical 

-t.): 

(to-ti) 
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considerations, it can be surmised that K is influenced primarily 

by the reciprocal of the air face velocity. If the assumption is 

made that K = (r + sFV) 1, then the infinite series takes the form 

00 
1 n-1 K 1 + (r + sFV) l'1/2+ (r + sFV) 2 1/3 + = . . . . 

1 

where r and s are constants. For typical values of K between 

0. 2 and 0. 8, the infinite series approaches the limits 1. 12 and 
00 

2. 0, respectively. Because the relative change in ¿ 1 Kn 1 is 
1 -1 

small over this interval of K, the assumption K = (r + sFV) 

will not introduce significant errors into the analysis. Thus, the log- 

arithmic mean temperature difference becomes: 

OT1m = 

(TS -ti) 
oo 

1 + n (r + sFV)n- 
2 

Substituting this expression into Equation (4): 

C2 FVm (Ts -ti) 
Q= 

Now, let CFV) _ 

oo 

1 + 1 (r + sFV)n-1 
2 

C2 FVm 

1 + 
1 

r +sFV 

n 

n 

1 

n- 1 

\ 

2 
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Then, the final form is deduced as 

Q/Ts-ti) = (FV) (6) 

The significance of Equation (6) is that for any given face velocity, 

the ratio Q /(T -t.) is single valued. Thus, a plot of this para- 
s 

meter against the air face velocity can be represented for a range 

of steam temperatures by a single curve. 

C. Case II -Hot Water Flowing Inside Tubes with Air Flow Over 
Finned Surface 

The flow arrangement and temperature -area profile for this 

case are shown in Figure 1. 

The transfer of heat from hot water -to -air is less amenable 

to an analytic treatment than the case of steam -to -air. Whereas 

in the latter situation, the steam side thermal resistance can be 

assumed as less than ten percent of the total thermal resistance, 

a corresponding assumption cannot be made regarding the hot wa- 

ter side thermal resistance. 

The film coefficient for the cooling and heating of hot water 

in turbulent flow inside pipes can be predicted fairly accurately by 

the correlation suggested by McAdams (14, p. 219): 

h DA = 0.023 (pVD /µ)0. -0.4 8Pr 

where D is the inside diameter of the pipe and V the average 

1 



velocity of the fluid inside the pipe. The above correlation has 

been simplified into the form 

h = 0.00134 (T m + 100) V° 
. 8/ 

18 

(7) 

for average water temperatures (T ) not exceeding 180 °F (3, m 

p. 146). The useful range of this correlation can be extended be- 

yond 180 °F if the water is pressurized to prevent vaporization. 

For a fixed water temperature drop through the heat ex- 

changer, the water side film coefficient is related to the rate of 

heat transfer. That is, 

Q = W (T. -T) = pV A (T. -T) = pV A Z 
w i o i o 

and thus, V = Q /pAZ 

where W is the water flow rate; the term A is the flow area; 
w 

inlet and outlet water temperature T. and T , respectively; and 

the fixed water temperature drop given by Z = constant = (T.-T ). 
o 3. 

Since T m i 
= 1 /2(T + To), then by substituting Z, T m = T 

o 
+ Z /2. 

Replacing V in Equation (7) by the above expression, 

h = 0.00134 (Tm + 100)(Q /pAZ)0.8 /D0.2 

In the range of average water temperatures from 100 °F to 250 °F, 

the term (p)0.8 is essentially constant. Replacing the constants by 

B1, the water side film coefficient is 

h = B1(Tm + 100) 
Q0.8 (8) 

o i 
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The heat transfer rate equation, Equation (2) can be rear- 

ranged into the form 

C2 = 

Achc LS,Tlm 

R 
c +1 

hh 

(2) 

The term hcR h /hh is the ratio of the hot water thermal resistance 

to that of the air side. Inspecting this term, it is evident that be - 

yond a certain value of hh, this ratio will always be less than ten 

percent. Since hh is related to the heat transfer rate by Equation 

(8), there exists some critical value of Q, called Q , for which cr 
hcR /hh will always be less than ten percent. This critical value 

can be approximated by assuming a value of 1200 Btu /hr -F° -ft2 

for hh in Equation (8): 

or 

hh = B1(Tm 
1 

+ 100) 
Q0.8 

1200 = B1(Tm + 100) Q0.8 

0.8 1200 
Qcr B1(Tm + 100) 

(8) 

where the constant B1 can be determined for the given heat ex- 

changer. The factor which will determine whether Q > Q is cr 
the average water temperature. That is, for low water tempera- 

tures, for example 120 °F, it is extremely doubtful whether Q 

would ever come close to approaching Q Qcr. However, as the 

- m 

m 

c 

c 
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water temperature is raised to levels corresponding to steam tem- 

peratures (over 212 °F), it is anticipated that Q will be greater 

than Q . For this range of heat transfer rates where Q > Q , 
cr cr 

Equation (2a) reduces to the form 

Q=0.90hA AT 
c c lm 

which is identical in form to that of the steam case. Substituting 

Equation (4) into the above expression for the air side film coeffi- 

cient, 

Q= O. 90 C FVm OTlm 

Q = C FVm OTlm (9) 

By a Taylor's series expansion, it can be shown that the logarith- 

mic mean temperature difference for the case of hot water is 

AT1m 
(To -ti) 

where the assumption had been made that T was sufficiently m 

high and Z small enough to insure that AT max max (T -t.) and 
max max o i 

AT min min (T. -t ). By treating the series term in the denominator 
i o 

of the above expression in a manner identical to that of the steam 

case, Equation (9) takes the form 

Q -t. ) = SZ(FV) for Q > Q 
o i cr 

(10) 

= 

= 

t 
1 

= 
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where To = T - Z/2. 

For hot water -to- air heat transfer rates Q < Q , corre- cr 

sponding to the lower range of average water temperatures, the 

water side thermal resistance will approach and possibly exceed 

that of the air side. Upon substitution of the relations for the wa- 

ter side film coefficient, Equation (8), and the air side film coef- 

ficient, Equation (4), into the heat transfer rate Equation (2): 

Ac ATlm 
Q= R 1 

+ 
B1(Tm+100)Q0.8 Cl FVm 

Clearing fractions in the denominator and rearranging the terms, 

Q = Cl FVm [ AcATlm - 
Q° .2 

B1(Tm+100)3 

0.2 
R or Q/FVm = C1 [`c Tlm B1 TQ+100)3 (11) 

Because of the exponential nature of Q on the right side of 

Equation (11), the function Q 2 experiences relatively small 

change as Q. Since Q for this case is in the lower range where 

2 
< Qcr, a reasonable assumption regarding the nature of 0 2 

will not introduce a significant error into the analysis. Assuming 

that Q0.2 is dependent only on the average water temperature, 

then Q0.2 = f(T ). m 
Equation (11) now takes the form 

m 

Q 

o 
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R f(Tm) 
Q/FVm= C1 [A Tlm - B1(Tm+ ÓO) 

(12) 

In the lower range of water temperatures where Q < Q , cr there is 

some uncertainty as to whether the maximum temperature differ- 

ence will occur on the air inlet side of the heat exchanger or the 

air outlet side. Depending on the case, the log mean temperature 

difference may take one of two forms. In either case, ATlm will 

be controlled by the value of the average hot water temperature, 

T Since the remainder of the terms on the right side of Equa- 
m 

tion (12) are explicit functions of T , this suggests the possibility 

that the ratio, Q /FVm, can be expressed solely as a function of 

the average water temperature: 

Q /FVm = 1JtTm) for Q < Qcr (13) 

In summary, for the complete range of hot water heat trans- 

fer rates 

QAT -t. ) _ (FV) for Q >Q 
o i cr 

Q/FVm = 4)(T ) for Q <Q m er 

(10) 

(13) 

where it must be admitted that the validity of the latter relationship 

may be somewhat questionable. Irrespective of this consideration, 

it is evident that at least two curves are necessary for the com- 

plete representation of hot water -to -air heat transfer rates. 

m 
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D. Correlation of Cases I and II 

Results from the preceding analysis constitute the basis for 

the correlation of steam -to -air and hot water -to -air heat transfer 

rates. For the case of steam, one equation is necessary to estab- 

lish the heat transfer quantities: 

Qs/(Ts -ti) _ .(FV) (6) 

and for the case of hot water 

Qw /(To -ti) = S2(FV) for Qw > (10) (10) 

Qw /FVm = 4(Tm) for Qw < Qtr (13) 

By evaluating Equations (6) and (10) at the same air face 

velocity, the two can be combined into the form 

Q/(T-ti) w o 
_ 

S2(FV) 
0 (FV) 

Qs/(Ts-ti) (FV) 
(14) 

for magnitudes of Q >Qcr. 
` 

The above is a most convenient and 
w cr 

direct form for representing the correlation, since the non- dimen- 

sional correlation parameter on the left side of Equation (14) will 

plot as a single valued function of the air face velocities for Q >Q 

For values of Q < Q , the form of Equation (13) does not 
w cr 

readily admit to a direct combination with Equation (6). However, 

if either of the functions (b(FV) or 4(T ) can -"be determined and 

= 

m 
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expressed in mathematical form, by inverting each equation, two 

combinations are possible: 

Qw/LIJ (Tm) FVm 
Qs/(Ts-ti) (FV) f(FV) (15) 

where i(T ) is expressed in mathematical form. If a mathemati- 

cal expression is found for fD(FV), then Equation (6) can be inverted 

and combined with Equation (13): 

QW/FVm 4(Tm) 

Qs/t.(FV) (Ts®ti) 
(16) 

The application of these two equations, (15) and (16) is in serious 

doubt, considering that no convenient forms for 1,(FV) or q,(T ) 

were deduced from the earlier analysis. 

Although the above expressions, Equations (14), (15), and 

(16) may prove to be extremely valuable in the analysis of experi- 

mental data, they fail, however, to reveal the nature of the corre- 

lation. This may be demonstrated by examining the skeletal equa- 

tions for steam and hot water in the form: 

Qs O. 90 heAc ATlm 
s 

or, by substituting the log mean temperature difference, 

to-ti n-1 
Qs/(Ts-ti) O. 90 hcAC/{1+ / , n' T -t. } (3a) s 

(3) 

) 

m 

2 1 s 



And, for the case of hot water, 

h A 
c 

Qw h R ATl.m 

h+1 
w 
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(2a) 

Substituting for the log mean temperature difference in the last 

equation, 
h A 
c c 

Q ,(T -t.) - w o 
h R 

h+1 1+ 
w 

Now, dividing Equation (2b) by Equation (3a): 

Qw/(To- ti) 
1 

Q/(T-ti) s s h R 
c +1 h w 

1+ 
2 

t -t- Z 
0 
T a.t. 

o 1 w 

t -t, 
o i 

T mt, 
s i 

n-1 

s 

1+ 
od, 

1 
to°ti- n-1 

o 
n T -t. 

2 1 w 

(2b) 

(17) 

Equation (17) is valid only if the hot water and steam equations are 

evaluated at the same air face velocity, so that the air -side effec- 

tive film coefficients are essentially equal and will divide out. 

Equation (2a) assumes the maximum temperature difference be- 

tween the water and air occurs on the air inlet side of the heat ex- 

Qw Ts-ti 
changer; i. e. , AT max = (T -ti). Defining C =Q , it will 

Qs To- ti 
be noted that the ratio of the water side film resistance to that of 

the air side (h 
c 
R/h ) is an important factor in determining the 

magnitude of C. As this ratio approaches zero, implying that 

1 n-1 

1 

n w i 

w 

c 

n h 
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h and thus Q approach infinity, the correlation parameter is 
w w 

determined solely by the ratio of the infinite series terms. For 

large values of (hcR /hw), corresponding to small hw and Qw' 

the parameter C is reduced accordingly. Other factors affecting 

the correlation are noted within the infinite series terms as the 

air temperature rises and the water temperature drops (Z). 
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CHAPTER III 

EXPERIMENTAL EQUIPMENT 

The steam -to -air and hot water -to -air tests are conducted 

with much of the same experimental equipment. The air system 

is identical for both types of tests. The hot water and steam sup- 

ply and return system is designed to facilitate an easy change- 

over from steam to hot water tests. 

Instrumentation is provided to meter the air flow rate, air 

temperature rise through the test core, air pressure drop across 

the core, and hot water and steam inlet and outlet conditions. 

From these data, sufficient information is provided for the deter- 

mination of steam and hot water heat transfer rates for a range of 

air face velocities. In addition, the Stanton number (h 
o 
/G max c 

p 
), 

the friction factor, and the Reynolds' number can be calculated 

from the same set of data. 

The experimental equipment is shown in Figures 2 through 

12. 

A. Air System 

The air system is shown schematically in Figure 2, and 

illustrated in Figures 3, 4 and 5. 



LEGEND 
1. Precision indicator Potentiometer 
2. Junction box and selector switch 
3. Ice -bath reference junction 
4. Inlet air thermocouples (2) 
5. Test section 
6. Air duct, inlet section 18x30 in. 
7. Inclined draft gage 
8. Piezometer rings 
9. Air duct, insulated section 

10. Outlet air thermocouples (9) 
11. Blower inlet section 
12. Fan, 15. 375 inch diameter forward curved 
13. Direct current motor, 5 HP, 1100 -2400 RPM 

14. Transition from rectangular to circular duct. 
15. Flow regulator, manually- operated 
16. Air discharge duct, ID = 14.75 inch 
17. Air flow straightening section 
18. 7 -inch flow nozzle 
19. Impact tube 
20. Micromanometer 
21. Mercury Thermometer 

Figure 2. Air System. 
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Figure 3. Overall Layout of Experimental Equipment. 



Figure 4. Air Metering Equipment. 
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Figure 5. Test Duct: View Into Air Inlet Section. 
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The air duct ahead of the blower inlet section is rectangular 

with an 18 x 30 -inch cross section. This portion of the duct in- 

cludes the entrance and test sections. Air is drawn into the duct 

through a smoothly convergent entrance section (see Figure 5) by 

means of a centrifugal fan. The fan is powered by a direct -cur- 

rent motor rated at five horsepower. Air flow is regulated coarse- 

ly by varying the motor speed from 1100 to 2400 revolutions per 

minute. Fine adjustment of the air flow is obtained by the use of 

a manually- operated damper located on the discharge side of the 

fan. The use of a draw -through air system is recommended to in- 

sure uniform velocity distribution across the face of the test core. 

Two shielded thermocouples and four static pressure taps 

connected by a piezometer ring are located 12 and 2 inches, res- 

pectively, ahead of the test core. The test core is bolted to flanges 

at the ends of the ducts, then sealed with pressure- sensitive duct- 

ing tape and well- insulated. Nine shielded thermocouples and four 

static pressure taps connected by a piezometer ring are located 12 

and 10 inches, respectively, downstream from the test core. One 

and one -half inch thick fiberglass insulation covers the length of 

the duct that includes the upstream and downstream thermocouples 

to minimize heat losses from the air duct. 

The air discharge duct consists of a short 
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rectangular -to- circular transition section bolted to the discharge 

side of the fan; and a long circular duct with a 15 -inch inside dia- 

meter. No insulation is provided along the circular duct. Straight- 

ening vanes are located inside the circular duct to provide uniform- 

ity of velocity for air- metering purposes. Air flow rate is meas- 

ured with an impact tube installed in the center of the face of a 7- 

inch flow nozzle, as shown in Figure 4. Nozzle coefficients are 

found in Reference (1). 

All sections of the air duct are sealed with ducting tape to 

prevent leakage of air into and from the system. 

B. Low Pressure Steam and Hot- Water System 

The steam and hot water -system is shown in Figures 6 and 

7. The system is designed such that either steam or hot water 

can be supplied to the test core merely by opening and closing the 

proper valves. 

For the steam -to- air tests, 50 psig steam is introduced 

from the main supply line. A throttling calorimeter is located in 

this line to provide an accurate means of determining the inlet 

enthalpy of the steam. A manual control valve is positioned down- 

stream of the throttling calorimeter to reduce the steam pressure. 

Pressure regulation of the inlet steam to the test core is 
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Figure 6. Close -up of Steam and Hot Water 
Supply and Return System. 
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accomplished by a thermostatic -type regulating valve. The steam 

inlet pressure is read from a pressure gage located within 10 in- 

ches of the test core inlet header. Condensate drains through the 

bottom of the adjacent header into a float -type steam trap. A float 

trap is recommended to insure rapid and continuous removal of 

condensate. The condensate then passes into a weigh tank where 

the flow rate is measured by platform scales. In order to avoid 

flashing of the steam during weighing, the condensate is bubbled 

into a weigh tank partially filled with cold water. 

A secondary shell- and -tube heat exchanger is utilized to 

provide hot water to the test core for the hot water -to -air tests. 

Cold water is introduced into the system at the main control valve 

and heated by steam condensing over the tubes containing flowing 

water. Steam pressure is regulated manually to vary the heat in- 

put to the water. Hot water enters the test core from the bottom 

of the header and discharges from the top of the adjacent header. 

A throttle valve is located in the discharge line to increase the wa- 

ter pressure in the test core. By pressurizing the test core, water 

temperatures of well over 212 °F can be obtained. The water return 

line is elevated above the level of the discharge header so that the 

test core will be completely filled with water at all times. Water 

is discharged into a weigh tank for determination of flow rate. 
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Flashing of high temperature water is prevented by the method out- 

lined previously for the condensate. 

The entire system is well insulated. Accumulation of air 

pockets within the test core is minimized by vents located on top of 

the header and in the water discharge line. Pressure taps and 

thermocouples are located in all supply and return lines to meas- 

ure inlet and outlet conditions of the steam and hot water. 

C. Pressure Instrumentation 

Instrumentation is provided to measure the steam inlet pres- 

sure to the test core, static air pressure differential of the test core, 

nozzle air velocity pressure differential, and main steam line pres- 

sure. Air velocity pressure measurement at the nozzle is read 

with a vertical water micromanometer. The smallest division on 

the scale is 0.001 inches of water; readings can be estimated to 

0. 0003 inches of water. The test core air pressure drop is meas- 

ured with an inclined draft gage, marked off in divisions of 0. 01 

inches of water. Steam pressures are measured with bourdon tube 

gages. 

Air pressure instrumentation for the hot water tests is iden- 

tical to the steam tests. Water pressure in the test core is read 

from a bourdon tube gage positioned near the water outlet header. 
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All pressure instruments are calibrated against standard 

laboratory instruments. 

D. Temperature Instrumentation 

Air inlet and outlet temperatures, steam and hot water 

temperatures, and test core tube temperatures are measured with 

copper -constantan thermocouples. Steam calorimeter temperature 

and nozzle air temperature are measured with calibrated mercury 

thermometer s. 

The nine thermocouples in the air duct downstream of the 

test core are radiation shielded as shown in Figure 8. The posi- 

tioning of the thermocouples, in the air duct is indicated in Figure 

9 and also in Figure 10. The two thermocouples upstream of the 

test core are radiation shielded with aluminum foil. 

Steam and hot water inlet and outlet temperatures are 

measured with thermocouple probes positioned in the center of the 

right angle bends connected to the test core headers. 

Three thermocouples are attached to the outside surfaces 

of the copper U -bends which connect the first and second rows of 

tubes. These thermocouples are located on the top, center, and 

bottom U- bends, Measurement of the tube temperatures at these 

points provides a check on the fluid (steam or hot water) distribution 
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Figure 8. Detail of Radiation Shielded Thermocouples. 

Figure 9. Downstream Thermocouple Arrangement 
in Air Duct. 
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inside the test core. 

All thermocouple leads are connected to a selector switch. 

A copper -constantan thermocouple is immersed into a thermos 

bottle of crushed ice and connected in series with the selector 

switch and potentiometer. The Leeds and Northrup precision po- 

tentiometer (No. 538885) has a range of 16,100 micro -volts and 

the smallest division is ten micro- volts. Figure 10 shows the 

thermocouple numbering system. 

E. Test Core 

Steam and hot water tests were conducted with a continuous 

finned tube heating coil manufactured by Brod and McClung of 

Portland, Oregon. Their surface designation is W 82 -18 x 30, 

where W signifies water, 8 fins per inch, 2 rows, 18 -inch verti- 

cal headers, and 30 -inch wide heating coil. 

Twenty -four copper tubes, 5/8 -inch outside diameter and 

a 0.020 inch wall thickness, are positioned in a two -row staggered 

arrangement as shown in Figure 11. The two rows of tubes are 

connected outside of the coil by U- bends. Continuous aluminum 

fins, 0. 0095 inch thick, are spaced 8 per inch along the length of 

the tubes. The fins are crimped intermittently in the vertical 

direction. The air flow length is three inches. Figure 12 shows 
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Direction of Air Flow 

Continuous Aluminum Fins 

Top Edge 
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5/8" 0. D., 0.020" 
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Figure 11. Detail Section of Test Core. 
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Figure 12. Face View of Test Core. 

Table II. Surface Geometry of Test Core. 

Face, inches high by inches wide 18 x 30 
Face Area (Afr), square feet 3.75 
Minimum Free Area, (A ), sq. ft. 2. . 0 

Number of tubes min 
24 

Tube Arrangement Staggered 
Inside tube area (A ), sq. ft. 9. 20 
Fin area (A f), sq. ft. 177 
Total fin side heat transfer area (Ac) ) 186. 8 

Fin area /total area 0. 947 
Free flow area /frontal area 0. 533 
Fin side area /inside area (A 20. 3 

/ft3 Heat transfer area /total volume, ft2 199 
Hydraulic diameter for air flow, ft 0. 0107 
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a face view detail of the test core. 

The test core is provided with two 18 -inch headers and four 

header connections. Steam is supplied into the top of the front 

header and discharged from the bottom of the rear header. For 

the hot water tests, hot water enters from the bottom of the rear 

header and exits from the top of the front header. 

Additional specifications on the surface geometry of the 

test core are presented in Table II. 



44 

CHAPTER IV 

EXPERIMENTAL PROGRAM AND EXPERIMENTAL PROCEDURE 

A. Experimental Program 

The principal objective of this investigation was the corre- 

lation of steam -to -air and hot water -to -air heat transfer rates for 

a typical finned tube heat exchanger. Two sets of tests correspond- 

ing to the steam and hot water heat sources were designed to obtain 

experimental data for the correlation. Variables under considera- 

tion were air face velocity and steam inlet pressure for the steam- 

to-air tests; air face velocity and average hot water temperature 

for the hot water -to -air tests. Air face velocities were in the 

range of 300 to 1200 feet per minute; steam inlet pressure varied 

from 2 to 15 psig; and average water temperatures ranged from 

120 °F to 230 °F. In the hot water tests, the water temperature 

drop through the test core was fixed at approximately 20 °F. This 

limitation was imposed in order to eliminate water flow rate as an 

independent variable and to maintain consistency in reporting heat 

transfer results. 

Sufficient data were recorded to determine steam -to -air 

and hot water -to -air heat transfer rates over the range of air face 
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velocities. Non -dimensional heat transfer and friction character- 

istics of the heat exchanger were also calculated and compared on 

a Reynolds' number basis. 

B. Experimental Procedure 

All steam and hot water tests were conducted with a steady - 

state test technique. A state of equilibrium was assumed to have 

been attained when any particular temperature reading did not vary 

more than 1°F over a five - minute period. 

Before the start of a steam or hot water test, several pre- 

liminary preparations were made: 

1. The potentiometer was zeroed and balanced against 

the internal standard cell. 

2. The cold junction thermocouple was immersed into a 

thermos bottle filled with cracked ice. 

3. Pressure differential gages were zeroed. Barometric 

pressure was recorded. 

4. The vent valve located on the test core header was 

opened and the hot fluid (steam or hot water) was intro- 

duced to purge the test core of non -condensable gases. 

Venting was continued for approximately 30 seconds 

and then the valve was closed. 
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Following these preliminary operations, the fan was start- 

ed and air was drawn into the test duct. The desired air face velo- 

city was obtained by regulation of the motor speed and adjustment 

of the manual damper located on the discharge side of the fan. 

Succeeding steps in the experimental procedure are dis- 

cussed separately in the next section for the steam and hot water 

tests. 

1. Low pressure steam tests 

After setting the air face velocity, the steam pressure was 

adjusted and controlled at a designated value with a thermostatic- 

type pressure regulator and manual control valves. The air face 

velocity was rechecked and any deviation from the prescribed val- 

ue was corrected. Thermocouple reading instruments were ob- 

served for determination of thermal equilibrium. Generally, five 

to ten minutes was sufficient time for the system to reach equili- 

brium conditions. 

Thermocouple readings for the inlet and downstream air 

temperatures, test core tube temperatures, steam inlet tempera- 

ture, and condensate temperature were recorded at the start and 

end of each test, and at 15- minute intervals for the total duration 

of the test. The steam calorimeter temperature, test core air 
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friction pressure drop, air velocity pressure differential at the 

flow nozzle, and the nozzle air temperature were read and data 

were recordedatthe start and end of each test, and at 15- minute 

intervals. Measurement of the steam inlet temperature and pres- 

sure provided a continuous check on the initial steam enthalpy as 

determined by the calorimeter temperature readings. Condensate 

was collected and weighed on a platform scale at the start and end 

of each test, and at least once in between. The three condensate 

readings for any given test varied by less than three percent. The 

total duration of each test was normally 45 minutes to an hour, 

A select set of results was calculated and plotted from the 

original data immediately following the completion of all steam 

tests; tests evidencing anomalous data were repeated. The dura- 

tion of several of the tests at the higher air face velocities (800 

and 1200) was less than 45 minutes due to the fact that the voltage 

output from the direct current generator powering the fan motor 

degenerated significantly with time at higher loads. Under such 

conditions, the reduction in test duration was somewhat justified 

in order to minimize this degradation from a constant air flow 

rate. 
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2. Hot water tests 

Upon completion of all the steam tests, the hot fluid supply 

system was modified to supply hot water instead of steam to the 

test core. Steam was diverted from the test core by closing the 

steam inlet valve and fed instead to the secondary shell- and -tube 

heat exchanger by opening the by -pass valve. The hot water inlet 

and outlet valves were opened and the condensate exit valve closed. 

City water at approximately 60 °F was introduced into the tubes of 

the secondary heat exchanger by opening the main water supply 

valve. After making six tube passes through the heat exchanger 

and absorbing heat from the steam condensing over the tube bundle, 

the hot water entered into the test core from the bottom of the rear 

header and discharged from the top of the front header into the wa- 

ter weigh tank. 

Following the adjustment of the air face velocity, a consi- 

derable amount of manipulation of the steam and water flow rates 

was required to secure the desired average water temperature in 

the test core while limiting the water temperature drop to 20 °F 

f 12 percent. The process was one of iteration: 

1. The water and steam flow rates were set by adjusting 

the steam throttle valve and main water supply valve. 
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2. Thermocouple readings for the water inlet and outlet 

temperatures were observed for determination of the 

water temperature drop and average water temperature. 

These steps were continued until the desired hot water conditions 

were obtained. Generally, 20 to 40 minutes was required to com- 

plete this operation. 

When thermal equilibrium had been attained, thermocouple 

readings for the inlet and downstream air temperatures, test core 

tube temperatures, water inlet and outlet temperatures were re- 

corded at the start and end of each test, and intermediately at 10- 

minute intervals for the total duration of the test. Test core air 

friction pressure drop was read and recorded. Hot water was col- 

lected and weighed on a platform scale at the start and end of each 

test, and at least once in the interim. The three weight readings 

varied by less than three percent for any given test. The duration 

of the test was 30 to 45 minutes. 

A select set of results was calculated and plotted from the 

recorded data following the completion of a series of water tests; 

tests evidencing anomalous data were repeated. 
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CHAPTER V 

CALCULATION OF EXPERIMENTAL DATA 

A. Calculation of Heat Transfer. Rates and Air Face Velocity 

Results necessary for developing a correlation of steam-to- 

air and hot water -to -air heat transfer rates were the rates of heat 

transfer, the air face velocity, and the temperature of the hot fluid. 

The heat transfer rate was calculated for all steam and hot 

water tests as the product of the hot fluid (steam or hot water) flow 

rate and the difference between the inlet and outlet enthalpies of the 

hot fluid. For most of the steam tests, the steam was slightly su- 

perheated so that readings of the inlet steam pressure and tempera- 

ture, and the steam calorimeter temperature and barometric pres- 

sure provided two methods for determining the inlet steam enthalpy. 

The variation in the inlet enthalpy as determined by these two me- 

thods was consistently less than one percent. Where the steam 

was "wet ", the inlet steam enthalpy was determined by the calori- 

meter readings. The condensate outlet temperature, usually with- 

in 2 °F of the saturation temperature, established the final enthalpy 

state of the hot fluid. Flow rate, recorded as seconds per 10 or 

20 pounds, was converted into pounds per hour and the rate of 
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heat transfer then obtained. For the water tests, data recorded 

for the inlet and outlet water temperatures and the specific heat 

evaluated at the average water temperature, were sufficient to 

establish the inlet and outlet enthalpies of the water. Water flow 

rate, recorded in seconds per 100 or 200 pounds, was corrected 

to pounds per hour and the heat transfer rate calculated. It is es- 

timated that the heat transfer rates are reliable to ±2 percent for 

the steam tests and ±4 percent for the hot water tests. 

Heat balances were made during the steam tests to check 

the accuracy of the instrumentation. It was found that the heat out- 

put (heat to the air) was approximately ten percent greater than the 

input (heat from the steam). Considerable time was devoted to 

locating the source of error. All thermocouples and temperature 

recording instruments, weight measuring and timing devices, and 

air pressure differential gages were checked and recalibrated if 

necessary. The air system was checked thoroughly for leakages. 

A hot water test was conducted and showed that the output was also 

greater than the heat input. It was concluded that the error arose 

from the air side of the system. By checking the air flow rate with 

a 20- station Pitot traverse, it became evident that the flow nozzle 

was responsible for the error. Due to the improper construction 

of the nozzle, the nozzle coefficients assumed for the original 
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calculations were about ten percent high. In view of these difficul- 

ties, the decision was made to calculate the air face velocities on 

the basis of the heat input from the hot fluid. All air face veloci- 

ties were based on a standard air density of 0.075 lb /cu ft. The 

air outlet temperature was determined by converting the nine out- 

let thermocouple readings into temperatures with a millivolt ver- 

sus temperature calibration curve, and then averaging the nine 

values to obtain the average air outlet temperature. The air inlet 

temperature was found in a similar manner from the two air inlet 

thermocouple readings. Knowledge of the face area of the test 

core, the specific heat of air at the average air temperature, and 

the air temperature rise provided sufficient information to deter- 

mine the air face velocity from the heat input results. 

B. Air Side Film Coefficients 

The air side effective film coefficient was determined from 

the steam -to -air heat transfer data. The over -all coefficient of 

heat transfer based on the air side area was calculated from the 

relationship: 

U c y AcATlm lm 

where Ac is the total air side heat transfer area and ATlm lm the 

Q 



logarithmic mean temperature difference. 

Recalling that 

it follows that 

1 
Uc R,/hs + 1/h 

c 

1 
h = 

c 
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The steam -side film coefficient, h , was assumed to be 1200 

Btuihr-ft2-°F, a value commonly applied to the design of fan coils 

(3, p. 235). 

The air side pure film coefficient, ho, is related to the ef- 

fective coefficient by h = rioho. The temperature effectiveness 

of the air side surface, 
o 

, is a weighted average of the 100 per- 

cent effective prime surface, i. e. , the air side heat transfer area 

without the fins, and the less than 100 percent efficiency of the 

fins, /If. Thus, 

A 
Ti = 1 (1 - 

o A 

where Af 
f 

is the area of the fins. Zabronsky has shown that the 

fin efficiency of a heat exchanger using square fins on round tubes 

can be determined quite accurately by basing the calculation on 

annular circular fins with the same tube diameter and identical 

fin area (20, p. 119-122). Calculations showed that an equivalent 

fin had annular fins of 1. 692 inch diameter on 0. 625 inch tubes. 

s 

c s 

s 

c o o 
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c 
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The fin efficiency was determined from a plot of il s 
vs. ml given 

in Reference (12). The term m is equal to .2h /kó, 
0 

where k 

is the thermal conductivity of the fin material, and ó the fin thick- 

ness. The flow length, 1, is the difference between the fin radius 

and the tube radius. 

C. Non - dimensional Heat Transfer and Friction Characteristics 

The heat transfer factor and friction factor were calculated 

for the finned tube heat exchanger and compared on a Reynolds' 

number basis. The heat transfer factor is defined as 
2/3 

j = (ho /GmaXcp) Pr where the Prandtl number was evaluated 

at the average film temperature and the specific heat at the bulk 

average air temperature. The bulk average temperature was taken 

as the average of the inlet and outlet air temperatures, tb= 1/2(ti +to). 

The film temperature is the average of the bulk temperature (tb) 

and the wall temperature (tw); or, tf = 1 /2(tb +tw). The mass 

velocity, G max , was based on the minimum free flow area. 

The friction factor, f ", was calculated from a relationship 

recommended by Kays and London for flow normal to banks of bare 

or finned tubes (13, p. 21): 

G 
AP max 

2 gc Pi 

r- 
p. A P. 

(1 + 2)( ° 1) + f" a 
c 

Po min Pm 

2 

= 
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where AP = measured static pressure drop converted to lb /eq_ft. 

g c 
= gravitational constant, 32.2 ft 2 /sect. 

0- = ratio of the minimum free flow area to the face area, 
(0" = A . /A ). min fr 

A 
c 

= total air-side heat transfer area, ft2. 2. 

p. = inlet air density, lb /cu -ft. 

Po = outlet air density, lb/cu-ft. 

p = 1/2(p. + po), lb /cu -ft. o 

The Reynolds' number calculations were based on the hy- 

draulic diameter defined as Dh = 4(A . /A ) L, where L is the min 

air flow length in the direction of flow. The viscosity term in the 

Reynolds' number, NR = (GmaxDh/p.), was evaluated at the aver- 

age film temperature. 
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CHAPTER VI 

RESULTS AND DISCUSSION 

A. Heat Transfer Results 

Conventional plots of the heat transfer rates versus air 

face velocity are shown in Figures 13 and 14. For the steam -to- 

air tests, curves are shown in Figure 13 for nominal steam pres- 

sures of 2, 5, and 15 psig. These pressures correspond to steam 

temperatures of 216 °F, 227 °F, and 248 °F, respectively. For the 

hot water-to-air tests, curves are shown in Figure 14 for average 

water temperatures of 120 °F to 230 °F. The deviation of the aver- 

age hot water temperature from that indicated on the curves is 

+1. 9 percent and -1.2 percent. In every case, the water tempera- 

ture drop was 20 °F ± 12 percent. Air face velocities for both the 

steam and hot water curves were based on a standard air density 

of 0. 075 lb /cu -ft. These results, plus those that follow in this 

section, are also tabulated in the Appendix, Tables V through IX. 

1. Discussion of results A 

Curves of the type shown in Figure 13 and 14 are quite use- 

ful for determining the range of applicability of finned tube heating 
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coils and for calculating fan and motor requirements in conjunction 

with static pressure drop curves. By cataloguing similar curves 

for the different sizes and types of finned tube heating coils, a 

heating coil can be selected which will meet the heating and system 

requirements. The trends exhibited by the curves in Figures 13 

and 14 appear to be consistent with the fundamental laws of heat 

transfer. That is, for a specific air velocity, by raising the steam 

pressure (temperature) or hot water temperature, the mean tem- 

perature difference between the hot fluid and the air increases; 

thus, an increase in the heat transfer rate would be anticipated. 

Alternatively, for a specified steam pressure or hot water tem- 

perature, by increasing the air face velocity, the air side film co- 

efficient increases; in which case, the rate of heat transfer would 

be expected to increase. Inspection of Figures 13 and 14 validates 

both of the above predictions. It will be noted in Figure 14 that 

the curve for 120 °F average water temperature is nearly flat for 

air velocities above 800 ft /min, indicating that the ultimate heat 

output at this temperature is being approached. The curves for 

water temperatures of 200 °F and 230 °F are incomplete over the 

entire range of air velocities because of limitations imposed by 

the water heating equipment. At these temperatures and air velo- 

cities, the water flow rate became so great (over 6000 lb /hr) that 
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despite the augmentation of the original shell- and -tube heat ex- 

changer with an auxiliary heat exchanger, the combined heat input 

was insufficient to attain the desired temperatures while maintain- 

ing a 20 °F water temperature drop. 

B. Correlation Analysis 

In the correlation of steam -to -air and hot water -to -air 

heat transfer rates from the experimental results, it was neces- 

sary to consider six quantities: The heat transfer rates and air 

face velocities for the two cases; the average hot water tempera- 

ture; and the steam temperature. Alternatively, the above can be 

written in analytic notation as C = f(Q , Ts, FV , Ow, T ,FV ), 

where C is the desired correlation parameter and the subscripts 

w and s refer to hot water and steam, respectively. 

In conjunction with the results of the heat transfer analysis 

in Chapter II, a systematic program for the correlation of experi- 

mental steam and hot water heat transfer results was established. 

The basic approach was to consider the steam and hot water heat 

transfer results separately, rather than attempting an analysis of 

all six quantities together. Information from the two analyses 

were subsequently recombined to establish the correlation of steam 

and hot water heat transfer rates. The analysis technique was 

s s m w w 
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essentially graphical, in which various parameters were plotted on 

log -log and rectangular coordinates. Where ever desirable, an at- 

tempt was made to describe the curves by mathematical expres- 

sions. 

1. Analysis of steam -to -air heat transfer results 

In Chapter II, Equation (6) was deduced for the case of 

steam in the form 
s 
/(Ts -ti) = (FV). Applying this relationship 

to the heat transfer results, it was found that a plot of the para- 

meter Qs /(Ts -ti) against the air face velocity could be represent- 

ed by a single curve as shown in Figure 15. 

2. Analysis of hot water -to -air heat transfer results 

For the case of hot water, it was concluded in the analysis 

of Chapter II that a minimum of two curves would be required for 

describing a complete range of hot water heat transfer results. 

The two equations recommended in the analysis were Equation (10), 

Qw /(To -ti) = S2(FV), and Equation (13), Qw /FVm = L(Tm). 

Application of Equation (10) to the experimental heat trans- 

fer data resulted in the curves shown in Figure 16. For tempera- 

tures of approximately 170 °F and greater, the parameter Qw /(To 

was represented by a single curve. A separate curve was required 

Qs 

-ti) 
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for T = 120 °F; and at Tm = 140°F, there appears to be a transi- m m 

tion between the upper and lower curves. 

The use of Equation (13) on the experimental heat transfer 

results yielded promising yet somewhat disconcerting findings. At 

any given water temperature, the ratio Q /FVm was found to be a 

constant. However, the exponent "m" was not the constant that 

corresponded to Equation (4), i. e. , he = C1FVm, but varied as 

T in the manner shown in Figure 17. To avoid possible confu- m 

sion, the variable "n" is used to designate the exponent on the face 

velocity term, so that Equation (13) was applied in the modified 

form Q /FVn = 4(T m ). Figure 17 shows that the exponent n plots 

as a smooth function of T m except for the sudden discontinuity at 

T = 140 °F. In fact, if the heat transfer results for T = 140 °F m m 

were excluded, inspection of Table III demonstrates that for the re- 

maining average water temperatures between 120 °F and 230 °F, 

or, 

WFVn - 2600 

Q - 2600 FVn 

where n = n(T ) as given by the continuous protion of the curve 
m 

in Figure 17. 

In addition to the two equations suggested in Chapter II for 

the case of hot water, several other methods were investigated in 

an attempt to establish the hot water heat transfer results on a 

.. 
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Table III. Results for Q /FVn = t)(Tm) as Applied to Hot Water Data. 

Average Water Face Velocity Calculated Heat Transfer 
Temperature, °F FV, ft /min. Exponent, n. Rate, Btu /hr. 

Q/ FNIn 

120 296 0.36 19,600 2530 
471 25,850 2820 
848 28,850 2530 

1230 32,830 2530 

140 306 0. 76 (0. 43) 29,400 403(2510) 
521 43,800 402(2960) 
832 62,200 404(3460) 

1183 71,200 356(3400) 

170 313 0.53 53,350 2530 
522 73,100 2660 
866 91,700 2530 

1195 110, 000 2570 

200 305 0.59 72,200 2470 
511 103,200 2600 
816 130,000 2480 

230 290 0.63 91,100 2560 
463 122,000 2560 
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single curve. Various groupings of two of the three quantities, 

viz. , Q , T , and FV, were compared against the third on both 
w m 

log -log and rectangular coordinates. The groupings were modified 

forms of Equation (10): 

1. Q /(T -t.)b versus FV 
o 

Z. Q/T m versus FV 

3.' Q /(T + N) versus FV m 

4. Q /T 0.8 -t.) versus FV 
o .1 

The terms b, and N were found to be functions of the face velo- 

city, rather than being constants as assumed. Several of the above 

relations showed good representation of the hot water heat transfer 

results within a limited range of air face velocities. However, 

over the entire range, all of the above were less satisfactory than 

the plots established for Equations (10) and (13). For this reason, 

they are omitted from this section. 

3. Correlation of steam -to -air and hot water -to -air heat transfer 
rates 

The results indicated in Figures 15, 16, and 17 were ex- 

amined for possible methods -of correlating steam and hot water 

heat transfer rates. It was apparent that because the hot water 

heat transfer results could not be resolved into a single curve, no 

simplified representation for the correlation would be possible. 
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The form of the correlation presented in Figure 18 resulted from 

the combination of the curve Qs /(Ts -ti) versus FV in Figure 15, 

and the curve Qw ¡(To -ti) versus FV in Figure 16. Thus, the 

complete range of heat transfer results for steam and hot water 

can be represented by the non - dimensional correlation parameter 

C 
Qw (Ts -ti) 

(,Io -ti 
, compared on an air face velocity basis. The 

results of the correlation are presented in Figure 18 and tabulated 

in Table IV. 

4. Discussion of results B 

The results for the correlation analysis indicated in Fi- 

gures 15 through 18 were, for the most part, consistent with the 

conclusions advanced in Chapter II. The curve shown in Figure 

15 demonstrates that regardless of the steam pressure (2, 5, and 

15 psig), the ratio of Q /(Ts -ti) is a constant for a specified air 

face velocity. Since the steam pressure, from elementary fluid 

dynamics considerations, determines the velocity of the steam 

flowing inside the tubes of the heating coil, and the velocity in turn 

is directly related to the film coefficient of the steam (14, p. 341), 

Figure 15 can also be interpreted to mean that the film coefficient 

of the condensing steam has negligible or no effect on the heat 

transfer rate. The last statement, evidently, reaffirms the 
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Table IV. Correlation of Steam -To -Air and Hot Water -To -Air 
Heat Transfer Rates. 

Air Face 
Correlation 

Q 
C 

(T -t.) 
w s i Parameter = 

Q (T -t.) 
s o i 

Velocity Average Hot Water Temperature (Tm), °F 
Feet/minute 

120 °F 140 °F 170 °F and greater 
300 0.855 0.895 1.005 

400 O. 818 0. 915 1. 000 

500 0. 791 0. 943 1. 000 

600 0. 765 0. 965 1. 000 

700 0. 756 0. 985 0. 995 

800 0.733 0. 990 0. 990 

900 0.718 0. 980 0. 980 

1000 0.706 0. 970 0. 970 

1100 0. 695 0. 952 0. 952 

1200 0. 686 0. 940 0. 940 
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assumptions made in the analysis of the steam case in Chapter II. 

The plot developed in Figure 16 of Q /(T -t,) versus air 
w o 

face velocity for the hot water heat transfer results shows that 

three curves are necessary to describe the heat transfer rates for 

the five average hot water temperatures from 120 °F to 230 °F. 

Earlier, it was shown that the ratio Qw /(To -ti) could be repre- 

sented by a single curve for values of Q > Q . For tempera - 
w cr 

tures above 170 °F and partially for 140 °F, this heat transfer para- 

meter lies on a single curve. It should be pointed out, however, 

that originally some doubt existed as to whether the curve for 

T = 140 °F was actually a transitional curve, or resulted from m 

an experimental error. The suspicion arose from an inspection 

of the results shown in Figure 17 and Table III, where the equa- 

tions Q /FVn= 4(T ) was investigated for the hot water heat trans- 

fer results. The form of the above relationship suggests that for 

a specified temperature T , the ratio Q /FVn is completely 

fixed. The exponent n was determined by a logarithmic technique 

for each of the temperatures indicated in Figure 17 and Table III. 

The plot of the exponent n against water temperature is consist- 

ent except at T m = 140 °F, where n = 0.76. Table III demon - 

strates in the right hand column that the magnitude of 

m 

i 
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Q /FVn n for T = 140 °F and n = 0.76 differs considerably from 
m 

the corresponding values of Q /FVn for the other hot water tem- 

peratures. If the exponent n is interpolated from the continuous 

portion of the curve in Figure 17 at T m 
140° F, n is found to 

be 0. 43 and Q /FVn takes on the values shown parenthetically in 

the last column of Table III. Calculations were made for the re- 

sults at T = 140°F and n = 0. 43 to determine what values of m 

Qw or FV were required to make the ratio Q /FVn conform with 

those at the other water temperatures. It was found that experi- 

mental errors of 100 percent and 30 percent would be necessary in 

the face velocity and heat transfer rate, respectively. Both possi- 

bilities are somewhat unlikely, in which case the results for 

T = 140 °F in Figure 16, Figure 17, and Table III must be accept- 

ed as valid. Returning, then, to Figure 16, in the range of water 

temperatures between 120 °F and 170 °F, there is a transition re- 

gion in which the value of Q approaches and equals Q In cr 
other words, in this transition region, the ratio of the hot water 

thermal resistance to that of the air side diminishes to a magnitude 

of roughly ten percent. For the transitional curve of T = 140 °F, m 

this point occurs at a face velocity of approximately 775 ft /min. 

Applying this value of FV = 775 to the curve in Figure 14, the 

magnitude of Q is read from the curve for 140 °F as cr 

= 
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Qcr = 
59, 000 Btu /hr. Thus, for any hot water heat transfer rate 

greater than 59, 000 Btu /hr, the parameter Q /(T -t) will be 
w o 

represented by a single curve. 

The method of correlation presented in Figure, 18 and Table 

IV was adopted because of its simplicity and adaptability to inter - 
Qv, Ts -ti 

pretation. The parameter C = was used to correlate 
Qs To-ti 

the complete range of hot water and steam heat transfer results in 

preference to a procedure requiring two forms of the correlation 

parameter for each range of heat transfer rates. The correlation 

parameter C consists of the ratio of the hot water heat transfer 

rate to that of the steam, Qw /Qs; multiplied by the ratio of the de- 

fined steam and air temperature difference to that of the hot water, 

(T -t.) /(T -t,), where T = T - 10. From Figure 18 or Table 
s i o i o m 

IV, steam -to -air heat transfer rates can be converted into hot wa- 

ter heat transfer rates, or conversely, by knowledge of the heat 

transfer results for one of the heating mediums. For example, 

suppose that data for the heating coil tested with steam was given 

in the form: 

Steam pressure 5 psig (227 °F) 
Heat transfer rate 140, 000 Btu /hr 
Air face velocity 600 ft /min 
Inlet air temperature 75 °F 

It is desired to predict the heat transfer rate for the same heating 

coil tested with hot water at 120 °F, air velocity and inlet air 

i 
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temperature being the same. Consulting Table IV, or Figure 18, 

for an air face velocity of 600 ft /min and a water temperature of 

120 °F, the correlation parameter C is found to be 0.765. By the 

definition of C, 

Q = C(T -t.)/(T -t.) Q w o i s. i s 

= 0. 765 (120 -10- 75)(227 -75) 140,000 Btu /hr 

= 0. 17 6 (140, 000) Btu /hr 

Q = 27,700 Btu /hr. 

Thus, the heat transfer rate with the heating coil using hot water 

at 120 °F is only 17. 6 percent of that using steam at 5 psig. 

The curves in Figure 18 indicate several interesting pheno- 

mena worthy of discussion. Consider the case where the average 

hot water temperature is identical to the steam temperature; i. e. , 

T = Ts = 230 °F, for example. With the same air flow and enter- 

ing air temperature, it might be expect that the mean temperature 

difference between the hot fluid and air would be identical, in which 

case the rate of heat transfer would be the same. However, in- 

specting Figure 18, the value of C for T = 230 °F taken in the m 

range from 300 to 1200 ft /min varies from 1. 00 to 0. 94. This 

means that the ratio of Qw /Qs, determined by reducing C by the 

factor (230- 10 -t.) /(230 -t.), will always be less than unity. This 

illustrates the effect of the 20°F temperature drop on both the 

ra s 
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mean temperature difference the hot water side film coefficient. 

By successively reducing the temperature drop while maintaining 

this same average water temperature, the ratio Q /Q will ap- 
w s 

proach, equal, and exceed unity. Such an observation is evident 

from a consideration of the basic heat transfer equation. A zero 

temperature drop would imply an infinite water velocity; thus, the 

ratio of the hot water side thermal resistance to that of the air 

side is zero. Then, the rate of heat transfer is given by 

Qw = hcAcATlm (see Equation 2a). It was shown earlier for the 

case of steam that Qs = 0. 90 hcAcATlm . Dividing the two rate 
s 

equations and cancelling the log mean temperature differences 

which are equal for this case, the ratio Q /Q = 1. 10. 
w s 

Equation (17), derived in the analysis of Chapter II, is 

quite useful in the interpretation of results for the correlation. 

This relationship is reproduced below: 

C 
h R 

1 

1 + 

h+1 1+ -t. 
w o llw 

n-1 It - t. o i 
T -t. 

s i 
t 
o i 

-t- Z n-1 

T 

(17) 

Examining the curves in Figure 18, it will be noted that the para- 

meter C, with the exception of the curve for T = 140 °F, de- 

creases with the air face velocity. The behavior of the curve for 

1 

n 

1 

n 

m 

h 
- 

1 
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120 °F is a rather singular instance where the ratio (h R/h ) in- 
c 

creases with the air face velocity. Recalling that h 
c 

is related 

exponentially to the air velocity (FVm) and h to the 0. 8 power 

of the heat transfer rate, then the ratio (h R/h ) is proportional to 
c w 

FVm 0.8. Figure 14 shows that the curve for the heat transfer 

rate at this temperature is essentially flat; thus, Q08 is nearly 

a constant. Any increase in the face velocity, then, is reflected 

directly by an increase in (h R/h ), which in turn results in a de- 

crease in C. This exceptional case where (h 
c 
R/h ) increases with 

face velocity arises only because of the relative flatness of the heat 

transfer rate curve in Figure 14 for T = 120 °F. At higher water 
m 

temperatures, the curves in Figure 14 are relatively steep in slope 

throughout the face velocity range, so it would be expected that 

(h R/h ) would consistently decrease with air face velocity. 
c w 

The curve shown for T = 140 °F in Figure 18 manifests m 

the same peculiar behavior which has been in evidence throughout 

this results section. The explanation for this apparent anomaly 

is embodied in Equation (17). The series term in the denominator 

of this equation contains an expression (t -t.-Z). Table VII for 
o 

the hot water heat transfer results shows that for T = 140 °F, m 

the air temperature rise (t -t.) for face velocities from 306 to 

1200 ft /min are approximately 20 °F. Since the water temperature 

w 

o 

w 

w 

w 
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drop for all water tests was held at Z = 20 °F, the expression 

(t -t, -Z) is zero; and, consequently, the infinite series in the de- 
o 

nominator becomes unity. Thus, the correlation parameter C 

reduces to the form 

n-1 
, 1 to ti ( n T-t. 
2 s 1 s 

h R 
c + 1 
h 

w 
to - ti 

Since the term for steam decreases with air face velo- 
T - t. 

s s i s 
city, it is clear that if the expression 1 /(h 

c 
R/h 

w 
+ 1) increases 

with air velocity, then the correlation parameter C will exhibit 

a maximum. As pointed out in the previous paragraph, (h R/h ) 
c w 

would indeed be expected to decrease with air velocity, and would 

thus result in an increase in 1/(h R/h + 1); hence, a maximum 
c w 

value for C is evidenced. 

No completely satisfactory explanation has been found for 

the negative sloping curve in Figure 18 for water temperatures 

greater than 170 °F. In fact, from Equation (17), the parameter 

C would be expected to increase rather than decrease with air 

face velocity. That is, because Z is deducted from the air tem- 

perature rise in the infinite series term for water in the denomina- 

tor, at any given face velocity the corresponding infinite series 

for the steam in the numerator should be slightly greater. Add 

1 + 

C = 

C 
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to this observation the fact that the expression (1 /(h 
c 
R/h 

w 
+ 1) 

also increases with face velocity, then C must increase with face 

velocity. There is a distinct possibility that by basing the air face 

velocities on the heat transfer rates, an experimental error may 

have been introduced. At the higher face velocities where C ex- 

hibits this decreasing tendency in Figure 18, the air temperature 

rise through the test core was relatively small (about 30 °F); thus, 

a small error of perhaps 2 or 3 °F in a thermocouple reading could 

easily account for a significant error in the face velocity calcula- 

tions. Under the circumstances, however, even an argument ad- 

vanced on the grounds of experimental error is not wholly palat- 

able. If the errors were consistent throughout the tests, the only 

effect would be to shift the curve in Figure 18 to the left or right, 

according to the direction of the error. In which case, the charac- 

teristic negative slope would remain unaltered. 

In Figure 18, the curve discussed above has been extra- 

polated to a zero face velocity. This was done more as a point of 

interest, and no attempt will be made to justify such an extrapola- 

tion. For a face velocity of zero, the heating coil ceases to func- 

tion as a forced - circulation type heat transfer device; instead, it 

becomes verily a natural convection finned tube heat exchanger. 

If this is the case, then the ratio of Q ¡Q for the different water 
s 



78 

temperatures should correspond to the factors established by the 

I =B =R. Consulting Figure 18 at FV = 0, the correlation parameter 

C is approximately 1.00. Substituting average hot water tempera- 

tures of 170, 200, and 220 °F, an air inlet temperature of 65 °F 

and steam temperature of 216 °F (I =B =R Ratings based on these last 

two temperatures), . the ratio Q /Q was determined as 0. 630, 
w s 

0. 829, and 0. 960 for the respective water temperatures. From 

Table I in Chapter I, the I =B =R conversion factors are 0. 630, 

0. 86, and 1.05, respectively, for average temperatures of 170, 

200 and 230 °F. Generally speaking, the agreement between the 

experimental and published factors is quite good. 

C. Additional Experimental Results 

The air static pressure drop through the test core is shown 

in Figure 19 as a function of the air face velocity. All static pres- 

sure drops were based on standard air at 70 °F. The curve shown 

in Figure 19 can be represented approximately by the expression: 

ÁP70 = 1.72 x 10 4(FV /10)1' 69 inch of H2O 

where FV is the air face velocity in feet per minute. 

Figures 20, 21 and 22 show typical results from the hori- 

zontal and vertical temperature traverses for air downstream of 
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Figure 19. Air Static Pressure Drop Across the Test Core. 
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the test core. These traverses were established from data record- 

ed for the nine downstream air thermocouples positioned in the air 

duct in a manner shown earlier in Figures 9 and 10. The traverses 

for two hot water tests for average water temperatures of 120 °F 

and 230 °F are seen in Figure 20 and Figure 21, respectively. 

Traverses for a steam test with steam pressure at 2 psig are 

shown in Figure 22 for two air flow rates. 

1. Discussion of results C 

Figure 19 shows that the static pressure drop through the 

heating coil increases exponentially with the air face velocity. For 

most heating and ventilating systems, the flow resistance (static 

pressure drop) for any of the elements in the system, such as the 

air duct, flow damper, and heating coil, is usually assumed to fol- 

low a parabolic law in which the static pressure drop varies as the 

square of the volume of air flowing through the system. Results 

for the heating coil under test indicate that the variation in the 

static pressure drop with flow volume is less intense: 

OP70 = 1.72 x 10-4 (FV /10)1. 69 inch of H2O 

The mathematical expression determined above for the static pres- 

sure drop should not be used in preference to the curve in Figure 

19. Earlier in the discussion, the possibility was advanced that 
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an experimental error was introduced for the higher air face velo- 

cities. The curve in Figure 19 for air face velocities of 1200 

ft /min confirms this suspicion, showing that the hot water static 

pressure drop data lies to the right of the curve drawn, and the 

steam data somewhat to the left. The variation in data, however, 

extends for a relatively small range of air face velocities (from 

1155 to 1215 ft /min). 

The horizontal and vertical temperature traverses shown 

in Figures 20, 21, and 22 are typical results for the respective 

hot water and steam tests. For the horizontal traverses, any 

three points connected by straight lines indicate the variation in 

air temperatures along a horizontal row from left to right, look- 

ing downstream into the air duct. For the vertical traverses, any 

three points connected by straight lines indicate the variation in 

air temperatures along a vertical column from the top of the duct 

to the bottom. Results of the horizontal and vertical traverses in 

Figures . 20 and 21 for hot water runs at 120°F and 230 °F show 

evidence of air stratification; air temperatures being the highest 

for the top layer of air and gradually decreasing to the lower layer. 

For the range of air velocities considered in this study, it is 

doubtful whether the stratification could be attributed to the natural 

tendency for the hotter air to rise to the top of the duct. 
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It was observed during all the hot water tests at a tempera- 

ture of 120 °F and several at 140 °F that the water distribution in- 

side the tubes was not uniform. Thermocouples attached to the 

top, middle, and bottom U -bends of the heating coil indicated that 

for the runs at 120 °F, the tube temperatures varied from approxi- 

mately 80 to 90 °F at the top U -bend to 120 °F for the center and 

bottom U- bends; implying that the flow of water was short- circuit- 

ed for at least one row of tubes. The poor distribution arises from 

the fact that at this temperature, the heat transfer rate and thus 

the water flow rate was relatively low (less than 1600 lb /hr). Heating 

coils are particularly susceptible to short -circuiting at low flow 

rates because of the small pressure drop of the water through the 

heating coil. Since water tends to flow along the path of least re- 

sistance, at low flow rates the water pressure is insufficient to 

feed the upper rows of tubes which require a greater head than the 

lower tubes. An additional consequence of low flow rates is that 

the air which is liberated from the hot water and rises to the top 

of the coil would tend to remain there rather than being forced out 

of the tubes to an air vent. For the tests conducted for tempera- 

tures greater than 170 °F, and for the higher velocity range at 

140 °F, a check of the U -band thermocouple data shows that the 

water flow rates were sufficient to adequately distribute the water 
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inside the tubes and force the air out to the venting locations. A 

comparison of the temperature traverses (Table IX, Appendix) 

for the latter tests with those of the tests at 120 °F reveals that 

the variation in temperature is similar. This would apparently 

rule out the possibility that the air stratification is due to a poor 

distribution of the water inside the tubes of the coil. 

With the possible exception of air flow blockage, an irregu- 

lar distribution of the air velocity leaving the coil is unlikely be- 

cause of the use of a draw - through fan and coil arrangement for 

the air system. Thus, it is suspected the air stratification can be 

accounted for by an inhomogeneity in the construction of the heat- 

ing coil. This inhomogeneity would be reflected, for example, by 

the tube arrangement, fin spacing, inadequate contact between fins 

and tubes, and material and dimensional variations. 

The horizontal and vertical traverses shown for the steam 

tests in Figure 22 evidence a greater variation in air temperatures 

from point to point in the downstream air duct. Some of this varia- 

tion is due to the coil construction; however, in the main, the vari- 

ation in air temperature is suspected to arise from an uneven con- 

densation of the steam inside the heating coil. During most of the 

steam tests, water hammer was quite noticeable, indicating a 

build -up of condensate in the lower tubes of the heating coil. 
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D. Heat Transfer Coefficients and Friction Factor 

Non -dimensional heat transfer and friction characteristics 

of the finned tube heat exchanger are compared on a Reynolds' 

number basis in Figure 23. The heat transfer factor, 
2/3 

i = (ho /Gmaxcp) Pr , is given approximately by the expression: 

(ho/Gmaxc P 
) Pr2/3 = 0. 145 (GmaxDhAµ) 

0.461 

The effective air side film coefficient (h 
c 

) is plotted 

against the maximum air mass velocity in Figure 24. A mathe- 

matical description of the curve was determined in the forms: 

or, alternatively as 

= 0. 0907 (G ) 
O. 539 

max 

= 0. 023 2 G0.539 /D0.461 
max 

where D is the outside diameter of the finned tubes. 

1. Discussion of results D 

Figure 23 shows that the data points for the heat transfer 

factor (h /G c ) Pr2 /3 deviate negligibly from a straight line 
o max p 

interpretation in the range of Reynolds' numbers from 550 to 2100. 

Because the curve does not evidence any marked dip or change in 

slope, it is presumed that the flow is completely turbulent in this 

h 
c 

$ 
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range of Reynolds' number. This is not surprising considering the 

complex surface geometry of a finned tube heat exchanger where 

flow disturbances produced by the staggered tubes and crimped 

finned surfaces can generate eddies and eddy interactions. One of 

the desirable features of finned surfaces for heat exchanger appli- 

cations in which a wide range of flow conditions must be met is the 

fact that there is no uncertain transition region from laminar to 

turbulent flow from which the designer of thermal systems must 

stay away. 

Data for the friction factor f" in Figure 23 shows consider- 

ably more deviation from a straight line than in the case of the 

heat transfer factor. In the calculation of the friction factor, small 

errors in G max tend to be magnified because of the occurrence 

of the term G2 max. For example, a five percent error in the face 

velocity, hence G , max will result in a ten percent error in the 

friction factor. In an earlier discussion, it was pointed out that 

the higher face velocities or 1200 ft /min were believed to be in 

error. This is apparent from an examination of the friction factor 

data for the higher Reynolds' number range of 2000. 

A comparison of the effective film coefficient in Figure 24 

and the pure film coefficient in Figure 23 shows that both h 
c 

and 

ho are proportional to the 0.461 power of G max` The 
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mathematical expression for h in the form 

= 0. 0232 
G0.539 /D0.461 

max 

compares favorably with values found by various experimenters. 

The exponent m on the G max term have been observed to be 0. 6 

in the case of common large fin tubes in staggered arrangement 

and 0. 5 in the case of small tubes with large fins (3, p. 237). The 

corresponding values of the constant C1 are 0. 04 and 0.105, 

respectively. 

c 

h 
c 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The results of this investigation have shown that the para - 
Qw Ts - ti 

meter C Qs To - ti 
can be used to correlate a wide range of 

steam and hot water heat transfer results for a finned tube heat 

exchanger into a relatively compact representation. An ideal cor- 

relation in the form of a single curve appears to be virtually impos- 

sible for a complete range of heat transfer results because of the 

limitations imposed by the hot water heat transfer results. How- 

ever, if hot water temperatures of roughly 170 °F and greater are 

considered, an ideal single curve correlation has been shown to 

exist. 

It is concluded from the investigation the most important 

factors affecting the correlation of steam and hot water heat trans- 

fer results are the ratio of the water side thermal resistance to 

that of the air side; and the magnitude of the water temperature 

drop (Z); in that order. The behavior of the correlation parameter 

C was found, in most cases, to be attributable to these two factors. 

The effect of the steam side film coefficient was negligible. 

Because most finned tube heating coils are similar in con- 

struction to the one employed for this investigation, it is believed 

- 
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that the correlation parameters established in this study in Figure 

18 and Table IV can be applied to a wide variety of finned tube 

heating coils. The last statement is based on the conclusion re- 

garding the ratio of thermal resistances. That is, because the air 

side film coefficient and water side film coefficient can be repre- 

sented in the form he 
= 

C1 Gmax and hw = C2(Tm + 100)Q 0.8 

(for a fixed water temperature drop), respectively, for many types 

of finned tube heat exchangers, it is believed that under the same 

flow and temperature conditions (FV and T ), the corresponding 

ratio of (h 
c 
R/h ) would not differ markedly from one design of 

heating coil to another; hence, the correlation parameters should 

be identical. 

It is proposed that further investigation be conducted for 

other finned tube heat exchangers to verify the values of the cor- 

relation parameters found in this study. If the correlation para- 

meters presented in Figure 18 and Table IV are, as believed, 

generally applicable to many different types of finned tube heating 

coils, then a rating scheme similar to that of the I =B =R can be 

adopted. In addition, the correlation could serve a significant 

role in the design and selection of finned tube heating coils. 
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APPENDIX 



Table V. Steam -To -Air Heat Transfer and Friction Data. 

Run 

Nominal 
Steam 

Pressure, 
psig 

Air Face 
Velocity, 
Std. Air, 
ft /min 

Steam 
Temp. , 

T, °F 
s 

Air Flow Rates 
Air Temperatures, °F 

Avg. 
Film 

Temp. , 

°F 

Heat 
Transfer 

Rate 
Btu /hr. 

Temp. 
Difference 

(Ts -ti) lb /hr 

Core Mass 
Velocity 
lb /hr -ft2 

Inlet 
ti 

Outlet 
to 

Bulk Avg. 
tb 

1 2 323 216.4 5450 2725 75.7 147.7 112 164 94100 140.7 

2 497 220.0 8370 4185 77.2 135.4 106 163 117300 142.8 

3 838 217.1 14100 7050 77.2 124.1 100 159 160000 139.9 

4 1150 216.2 19400 9700 81.7 120.1 100 158 179000 134.5 

5 5 314 226.2 5270 2635 75.8 153.6 115 170 98600 150.4 

6 453 227.0 7630 3815 76.0 143.0 110 168 123000 151.0 

7 492 225.8 8300 4150 76.3 142.4 108 161 127000 149.5 

8 837 225.4 14100 7050 77.3 127.4 102 163 170000 148.1 

9 1110 225.8 18750 9375 82.5 124.9 104 165 190000 143.3 

10 1150 224.5 19380 9690 76.0 118.2 97 160 195000 148.5 

11 15 318 248.3 5350 2675 76.3 168.0 122 185 117600 172.0 

12 456 247.6 7690 3845 76.1 154.4 115 181 144500 171.5 

13 492 248.5 8300 4150 77.1 152.5 115 181 150000 171.4 

14 846 248.5 14250 7125 77.8 136.1 107 178 200000 170.7 

15 1170 248.5 19700 9850 83.5 131.4 107 178 226500 165.0 

16 1205 246.8 20300 10150 75.8 124.7 99 173 238500 171.0 

rn 

a 



Table V (Continued) 

Air -Side Air -side 
Heat Transfer Core d P, Eff. Film Pure Film 
Rate per (Ts ti), inch H2O Coefficient Coefficient 

Btu /hr - °F at 70 °F Btu/hr -ft2 °F Btu /hr -ft2 -°F 
( ho /G 

max p 
c )Pr2/ 3 

Reynolds' 
Friction Number, at 
Factor, Film Temp. 

f' NR 

668 0.054 5.62 6.38 0.00753 0.0200 583 
2 842 .118 6.98 8.22 0.00641 .0190 897 
3 1140 .278 8.73 10.65 0.00493 .0161 1516 
4 1330 .557 10. 13 12. 80 0.00430 .0171 2090 

5 656 .054 5.41 6.10 0.00756 .0213 561 

6 815 .108 6.54 7.59 .00649 .0207 814 
7 849 . 118 6.65 7.71 .00606 .0191 891 

8 1145 .286 8.71 10.63 .00493 .0166 151 

9 1325 .565 9.90 12.47 .00434 .0183 2005 
10 1320 .555 9.68 12.10 .00407 .0176 2082 

11 685 .059 5.75 6.57 0.00800 .0219 560 
12 843 .107 6.73 7.86 .00667 .0197 811 
13 877 .119 6.88 8.08 .00635 .0187 868 
14 1170 .289 8.82 10.74 . 00492 .0146 1502 

15 1370 .567 10.23 12.97 .00430 .0160 2060 
16 1395 .561 10.54 13.41 .00431 .0159 2150 

Run 

1 

- 



Table VI. Hot Water -To -Air Heat Transfer and Friction Data. 

Avg. water 

Temperature 

T °F 

Air Face 
Velocity, 

Std. Air, 

ft /min 

Water 
Temp. 

Drop, 

°F 

Air Flow Rates 
Air Temperatures, °F Film 

Temp. 

tf, °F 

Heat Transfer 

Rate, 

Btu /hr 

Core mass 

Velocity 

lb/hr-ft lb /hr ib /hr - 

Inlet 

ti 

Outlet 

to 

Bulk Avg. 

tb 

17 120.8 296 19.0 5000 2500 74.6 91.0 83 102 19600 

18 122.3 471 18.8 7950 3875 74.3 87.9 81, 102 25850 

19 120.4 848 19.2 14330 7165 75.6 84.0 80 100 28850 

20 120.7 1230 19.9 20750 10375 76.0 82.6 80 100 32830 

21 138.4 306 19.2 5170 2585 78.1 101.0 90 114 29400 

22 139.3 521 21.0 8790 4395 76.1 96.9 86 113 43800 

23 140.5 832 19.5 14100 7050 75.0 93.5 84 112 62200 

24 139.7 1183 20.6 19950 9975 74.8 89.7 82 112 71200. 

25 172.2 313 17.6 5270 2635 83.6 125.7 104 138 53350 

26 168.9 522 20.2 8800 4400 78.1 112.8 95 132 73100 

27 169.7 866 19.4 14700 7385 76.2 102.4 94 130 91700 

28 170.7 1195 18.8 20100 10050 75.0 97.7 87 129 111000 

29 201.0 305 18.0 5140 2570 82.8 141.3 112 157 72200 

30 202.5 511 21.6 8600 4300 78.7 128.6 103 153 103200 

31 199.6 816 21.0 13750 6875 74.8 114.2 95 148 130000 

32 229.2 290 18.3 4890 2445 75.8 153.4 115 173 91100 

33 229.8 463 20.6 7820 3910 73.5 138.9 106 168 122000 



Table VI (Continued) 

Run 

Temperature 

Difference 

(To -ti) 
°F 

Heat Transfer 

per (T 

Btu /hr - °F 

Core LP 
inch inch H2O 

at 70 °F 

Friction 

Factor 

f' 

Reynolds' 

Number at 

Film Temp. 
NR 

17 36.7 534 .051 .0257 582 

18 38.6 670 .113 .0249 903 

19 35.2 820 .279 .0183 1670 

20 34.8 943 .532 .0165 2420 

21 50.7 580 .052 .0245 596 

22 52.7 831 .125 .0206 1012 

23 55.7 1160 .284 .0184 1630 

24 54.6 1300 .556 .0181 2310 

25 79.8 668 .054 .0230 582 

26 80.7 905 .126 .0198 994 

27 83.8 1095 .290 .0163 1675 

28 86.3 1273 .546 .0172 2285 

29 109.2 662 .054 .0231 554 

30 113.0 913 .126 .0199 954 

31 114.3 1137 .267 .0170 1500 

32 144.2 632 .054 .0251 520 

33 146.0 835 .118 .0218 834 

ti) 
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Table VII. Sample Data Sheet for Steam -To -Air Test. 

Nominal Test: Run Number 11; Steam Pressure 15 psig; Air Velocity. 300 ft /min. 
Date: May 15, 1963 

Barometer: 29.95 inch Hg. 

Item: 1 2 3 4 Average 

Thermocouple 
Readings, mv. 

No. 1 5.090 5.111 5.113 5.084 5.100 
3 5.227 5.224 5.227 5.227 5.226 
6 5.150 5.135 5.153 5.153 5.148 
4 0.966 0.961 0.960 0.970 0.964 
5 0.951 0.962 0.970 0.945 0.957 
7 3.258 3.251 3.257 3.248 3.251 
8 3.242 3.226 3.237 3.240 3.236 
9 3.232 3.226 3.225 3.227 3.228 

10 3.087 3.074 3.055 3.098 3.079 
11 3.163 3.186 3.161 3.164 3.168 
12 3.157 3.181 3.173 3.164 3.169 
13 2.994 2.962 2.938 2.932 2.957 
14 3.188 3.185 3.165 3.161 2.175 
16 3.165 3.165 3.135 3.152 3.154 
18 5.232 5.217 5.210 5.216 5.219 
19 5.247 5.231 5.231 5.232 5.235 

Nozzle Impact 1.725 1.752 1. 753 1.753 1.746 
Pressure, inch 
of H2O 

Nozzle Air 71.8 71. 8 71.7 71.8 71. 8 

Temperature, °C 

Core Pressure 0.055 0.054 0.054 0.054 0.054 
Drop, in. H2O 

Condensate Rate 
secs. /10 lb. 

310 305 309 308 

Calorimeter 229 229 229 229 229 

Temperature, °F 
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Table VIII. Sample Data Sheet for Hot Water -To -Air Test. 

Nominal Test: Run Number 30; Average Water Temperature 200 °F; Air Face Velocity, 500 ft /min. 
Date: May 21. 1963 

Barometer: 29. 70 inch Hg 

Item: 1 2 3 4 Average 

Thermocouple 
Readings, mv. 

No. 1 3.885 3.870 3.878 
3 4.073 4.033 4.048 
6 4.000 --- 3.982 -- 3.991 
4 1.021 1.000 1.022 1.023 1.017 
5 1.030 0.970 1.036 1.010 1.012 

7 2.227 2.216 2.205 2.211 2.215 
8 2.132 2.151 2.140 2.147 2.143 
9 2.072 2.092 2.091 2.087 2.085 

10 2.196 2.210 2.205 2.200 2.203 
11 2.148 2.141 2.150 2.133 2.143 
12 2.063 2.071 2.081 2.068 2.071 
13 2.210 2.209 2.188 2.193 2.200 
14 2.140 2.131 2.135 2.122 2.132 
16 2.213 2.240 2.215 2.194 2.215 
18 4.311 4.320 4.307 4.281 4.305 
19 3.757 3.754 3.750 3.730 3.748 

Core Pressure 0.120 0.119 0.119 0.119 0.119 

Drop, in. H2) 

Water Flow 153/202 151/202 152/202 

Rate, secs. 
per lb. 

___ -- 
__- --- 

- -- 
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Table IX. Sample Data for Temperature Traverses. 

Run No. 

Downstream Air Temperature °F. 
Thermocouple Number (See Figure 10) 

7 8 9 10 11 12 13 14 16 Average 

Steam 
1 144. 8 152. 8 153. 9 144.5 148.8 151.6 136.6 149.8 148.2 147. 7 

2 128.8 141. 9 142.2 138.8 140. 4 140.5 126.6 138. 8 129.6 135. 4 

3 123. 1 128. 5 127. 8 120. 4 127. 1 125. 8 119. 5 125. 2 119. 4 124. 1 

5 149. 7 159.0 159. 5 151, 1 155.6 157. 1 142. 6 153. 2 154, 7 153. 7 

7 134. 8 145. 7 146. 8 133. 7 144, 0 144.9 130. 4 143. 5 136, 0 140. 0 

8 126. 3 131. 8 130.9 124. 1 130.4 128. 7 122. 9 128. 2 121. 1 127. 4 

11 171.8 171.2 170.8 164.9 168.4 168.4 160.0 168.7 167.9 168. 0 

13 151.5 158. 0 158.6 145.0 155, 3 155. 9 144.8 155.7 149.4 152. 5 

14 134.4 140.2 140. 1 132. 3 138.4 136.8 136.9 137.9 129, 1 136. 1 

Hot Water 
17 93.2 91.6 89.4 91.6 90.6 88.3 91.9 90.2 92.2 91.0 
18 89, 6 88.5 87.0 88.1 87.5 85.7 88.6 87.3 88.6 87.9 

19 85.6 84.2 82.8 84.2 83.7 82.4 84.6 83.3 84.7 84.0 
20 83.6 82.8 81.2 83.0 82.3 80.8 83.6 82.5 83.2 82.6 
21 103.3 102.0 100.3 101.4 100.6 99.5 103.6 101.2 102.8 101. 9 

27 104.7 102.6 100.8 103.8 101.9 99.8 102.8 101.5 104. 1 102. 4 

28 100.0 97.0 95.1 100.0 97.3 9 4. 2 9 8. 9 96.2 100.4 97.7 

29 144.3 141.3 138.9 142.1 140.8 137.0 142.7 139.2 143.2 141. 3 

31 117. 2 114. 6 112.0 115. 7 113. 8 110.5 115.5 112. 5 115. 8 114. 2 

32 157.2 154.0 151.6 155.0 151.6 148. 8 154.4 151. 6 155.0 153.4 

33 142.0 138.0 135.2 139.9 136.4 132.7 139.1 136. 4 140.1 138.9 


