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I. SUMMARY

This paper deals with the unsteady state convection

coefficient for a vertical plate in air under natural

convection. The specific objective of this work is

to obtain qualitative and quantative values for the

unsteady state convection coefficient h.

Heat losses were studied from a piece of vertical

platinum foil. Heat was put into the foil by passing

an electric current through it. This heat was recog-

nizable as loss by sensible heat and convection. The

transient temperature was measured by thermocouples,

and recorded on a Sanborn chart recorder.

A theoretical study depends upon the formation of

a film of warm air next to the surface. Once the film

has formed heat transfer becomes one of conduction

through the film and one of convection from the surface

of the film to the bulk of the air.

It was found that,

1. The heat transfer coefficient, h, rises to infinity

as the time of heating approaches zero.

2. At the transition from a stagnant air film next to

the surface to laminar flow, h dips below its

unsteady state value.

3. After three seconds of heating, h is nearly at its

steady state value, although the temperature of
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the foil does not reach steady state until seven

seconds.

4. The values of h obtained at steady state, agree

very favorably with the equation given by McAdams

h . 2 9 (AT) 0.25

5. On cooling of the foil, h decreases almost linearly,

after remaining a few seconds at the steady state

value.

It is recommended that,

1. Interference photographs should be taken to determine

when the transition from a stagnant layer to laminar

flow takes place.

2. The temperature of the foil may be determined by

resistance thermometry.

3. Measure h with the foil inclined at various angles

rather than ust vertically as done here.

xJ
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II. INTRODUCTION

A. Background

The term heat might be considered as the basis

around which most engineering operations revolve. Heat

is so important to an engineer because either it is

present when least desired, or it is absent when most

needed. In order to obtain some control over the amount

of heat present at any time, the engineer relies on its

effective transfer from one region to another.

Heat is transferred by three methods: conduction,

radiation, and convection, the latter being the broad area

of this investigation. Heat loss by convection is ex-

pressed by the relation,

q h A(TS - Tr) (1)

For definition of symbols see nomenclature in the appendix.

In order to apply eq. (1) to any operation, the heat

transfer coefficient, h, must be known with some degree

of accuracy. Tis convective coefficient, however, is a

function of many variables; consequently it is the focus

of most work in convective studies. Walker, Lewis, McAdams,

and Gilliland (7) give (h) as a function of several operating

conditions and fluid properties,
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h - Cp G(Pr)2/3 (2)

Equation (2) may be used for most operations involving

flow of fluids in pipes, and may be modified to cover

many specialized cases. However, it is limited only

to steady state operations. Unsteady state conditions

are those where the rate of heat flow into a system is

not equal to the rate of heat flow out of the system.

Generally unsteady state conditions, such as heating

of an ingot in a furnace, explosion in a gun barrel, and

lighting of an incandescent bulb, are only of extremely

short duration before steady state conditions are obtained.

Consequently any measurement of unsteady state transfer

coefficients must be made using apparatus having a quick

response. To obtain this quick response, considerable

instrumentation is required.

Since the heat transfer coefficient is a function

of the geometry of the heating surface, any study of it

must define the surface considered. This investigation

will cover the unsteady state heat transfer between a

flat vertical plate and air in natural convection. The

air will be allowed to circulate around the plate in

natural convection because this eliminates the variable,



mass velocity, and is applicable to many engineering

operations. The specific objective of this work is

then to study the heat transfer coefficient, (h)., both

qualitatively and quantitatively under unsteady state

conditions

Very little work has been done on unsteady state

convection coefficients between a plate and air. Some

work was reported concerning the heat transfer between

metals and air in furnaces. Sci iott and Siebert (5)

found that the convection coefficient was almost constant

at 3.45 BTU/Hr. sq. fT OF throughout the heating of a

steel plate in a recirculating furnace from 70°F to

8000F in from 34 minutes to 110 minutes depending upon

the'test sample. They also showed that the convection

coefficient is independent of the temperature difference

between the metal being heated and the furnace. Huebler

(3) concluded from theoretically comparing convective

and radiative heat transfer rates that approximately twenty

percent of the total heat input to a sample is done by

-convection with rapid heating in high temperature furnaces.

It was also emphasized in his paper the need to know more

about the convection coefficient.
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A relatively recent tool for studying heat flow

problems is the Mach-Zehnder interferometer. Its use

in transient heat transfer studies is emphasized by

Coulbert (1). As one of his references, Coulbert gives

a M.S. thesis by G.S. Wong at the University of California

titled "Determination of Local Heat Transfer Coefficients

of Convection for a Cylinder in Air with the Mach-Zehnder

Interferometer." At present a copy of this thesis is

not availabe; when it is available, it should give much

relevant information. 

B. THEORETICAL CONSIDERATIONS

In attempting to give some qualitative picture

of expected results, the formation of a film next to

the heating surface must be kept in mind. As soon as the

surface becomes warmer than the molecules of air next to

the surface a thin film of warm air begins to form.

During the heating period, the thickness of the film, 1

goes from zero at the beginning to a steady state value.

Thus once the film has formed, heat transfer becomes one

of conduction through the film, and one of convection from

the surface of the film to the bulk of the surrounding air.
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If the air next to the surface is considered

as a semi-infinite solid, Hildebrand (2) gives on p.

457 the expression for the temperature, t, in the air

as a function of distance from the surface, x, and time

0G after the surface of the air next to the solid was

subjected to a sudden temperature use of AT. The rela-

tion is,

t = AT erf[ x ] (3)
2a /;

where a 2 is the thermal diffusivity of air and is de-

fined as

Cp p

Considering only conduction of heat through this

gas film next to the surface, the heat loss is

q/A = -k dt/dx (5)

If equation (3) is differentiated with respect

to x, evaluated at x = 0, and substituted into equation

(5), the result is equal to the heat lost by convection

from this air layer to the bulk of air. These results,

q/A = k( AT ) =h T (6)
t -;;
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Therefore from equation (6) there results,

h k (7)
a r 

Thus as time approaches.. zero plus,h should

approach infinity. This analogy is only good as 

approaches zero, since the assumption that a stagnant

layer of air exists near the surface is only good near 

equal to zero, due to the chimney effect of the air as

it becomes heated. The sensible heat of the gas film is

only considered for a stagnant gas layer. Once the

chimney effect developes, mass transfer has to be also

considered.

This problem may be also approached from a less

sophisticated point of view. If it is assumed that the

whole temperature drop between the surface and the bulk

of air occurs across this gas film, then equation (5)

gives,

k(T; - T )
q/A = (8)

1

If equation (8) is set equal to equation (1), it is seen

that,

h k (9)
1



9.

It is further see that as 1 approaches zero, h should

approach infinity. During the formation of the film,

h should come from infinity to a steady state value

corresponding to the value of the steady state film

thickness.
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III. PROCEDURE

The system under study is a portion of a piece

of platinum foil, mounted vertically in air (see

Illus. 1.). Heat will be put into this foil by passing

an electric current through it, from a constant current

source composed of cone type heaters (see Illus. 2). The

heat into the foil, will be recognizable as sensible

heat and by convection losses from the surface. It is

assumed that the temperatures involved would be low

enough to cause minor radiation effect. In order to

avoid fringe effects only a center portion of the foil

was considered. Writing a heat balance around the section

gives,

hA(T - T w CpdT (10)

In equation () all of the terms except h are

known or are experimentally obtainable. The temperature of

the surface is to be measured by two copper-constantan

thermocouples placed a short horizontal distance apart.

The two thermocouples were used to insure on isothermal

portion of the surface under consideration. An advantage

of the copper-constantan thermocouple is the high thermal

voltage developed (millivolts) in comparison to platinum-

10 percent rhodium, platinum (microvolts). This higher
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voltage helps to supress noise pickup by the thermocouple.

The voltage drop, E, across the section in consideration

is measured by determining the drop across two platinum

wires, the distance between them determining the length

of the portion under consideration. Two platinum wires

were used to eliminate the possibility of thermal vol-

tages developing at the foil surfaces due to unequal

temperatures between the two points of contact on the foil.

The current is found by measuring the voltage drop across

a standardized resistor. Vines (6) gives the heat

capacity, Cp , for platinum by the following equation,

Cp (Cal/gm), = .031678 + 6.305 x 10-6T - 1.624 x 10oT2 (11)

where T = temperature of platinum in OC. The value of

dT/dQ may be obtained from a plot of T vs . dT/d is

given in °C/sec to correspond to the units of Cp given

in equation (10)

Sintce the time of operation was very short these

four voltages (two thermocouple, one current, and one for

drop across setion) were fed into a four channel Sanborn

chart recorder. In addition to giving instantaneous readings,

it also gives a record of values which may be referred to at

a later time.
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The only variable between runs was the current

passed through the foil. Three values of current were

used: 8, 11, and 13 amperes. Measurements were taken

from equal zero minus to steady state conditions, and

continued from steady state conditions with the current

flowing to steady state onditions without the current

flowing.

Having a plot of T vs. , dT/dQ was determined

at .25 sec. intervals to steady state conditions. At

each time interval, E, I, and AT were measured and a h

determined from equation (10).

A similar procedure was followed during the

cooling of the foil.
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IV RESULTS

The results are best shown in graphical form,

although they are listed in tabular orm in the Appendix.

Figure shows the AT of the oil for the three differ-

ent currents: 8, 11 and 13 amperes. Steady state con-

ditions for all runs were reached within nine seconds.

As the current was increased, the temperature approaches

the steady state value much more rapidly; for the 8

ampere run the temperature reaches steady state almost

asymptotically where as in the 13 ampere run the tempera-

ture appears to be almost a linear function of for most

of the distance to steady state. The steady state T

for the 8, 11, and 13 ampere runs were 91, 174, and199 O

respectively.

Figure 2 shows h plotted vs for each run.

The transfer coefficients, h, decreases very rapidly

during the first 1.5 seconds, nearly reaching steady

state after three seconds. In the 11 and 13 ampere runs,

h dips below the steady state value at 1.5 - 1.75 seconds.

In the 8 ampere run the dip below steady state is somewhat

noticable around 2.5 seconds. Although the h rises very

slowly to steady state after three seconds, steady values

are almost reached at the end of three seconds.
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If the heat loss by convection, qc , is plotted

vs , Figure 3 is obtained. For the 11 and 13 ampere

runs, q rises almost linearly for 1.5 seconds, and then

rises very considerably during the next two seconds.

The marked rise in q occurs at the same value of 

that the dip occurs in the plot of h vs , Figure 2.

For the 8 ampere run, aI:- rises almost linearly to

steach state.

During the cooling of the foil the temperature

of the foil, T, falls rapidly from the steady state value

with the current on, to nearly room temperature within

seven seconds. Figure 4 shows AT plotted vs for the

cooling of the foil. The cooling curve for the 11 and 13

ampere runs are almost co-linear after equal to three

seconds. For the 8 ampere runs, AT vs curve is

distinctly lower than that for the 11 and 13 ampere runs.

All three curves converge as AT approaches zero.

If h is plotted vs for the:cooling of the

foil, a scattering of points is obtained as shown in Figure

5. The coefficient, h, appeared to remain essentially

constant at the steady state value for the first 1.5 seconds

of cooling. After the 1.5 seconds, it decreased gradually.

Due to the scattered distribution of points, it was difficult
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to draw with any degree of certainty a curve through the

points. However a straight line seemed the best after a

@ of 1.5 seconds. Although a straight line correlation

is very arbitrary, the points seem to indicate that such

a relationship is not too unreasonable.

The important results of this study are the

increase of h as approaches zero, and the dip in

h below steady state value at equal to about 1.5

seconds.
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V DISCUSSION OF RESULTS

The results agree very well qualitatively with

that predicted from film theory. Equations (7) and

(9) both predict that as and 1 approach zero, h should

approach infinity. This appears to be the case as

Figure 2 illustrates. The slight dip in h below the

steady state value at 1.5 seconds is particularly note-

worthy. This can qualitatively be explained by assuming

the formation of a film of warm air next to the surface

of the platinum foil. As this film developes the heat

transfer becomes one of conduction through a stagnant

layer of air. After a certain time, however, the buoyancy

of thiswarm layer of air becomes significant to cause it

to rise leading to a chimney effect next to the surface.

McAdams (4) on p. 168 gives interference photographs which

show this chimney flow to be laminar. This chimney effect

increases the mass velocity, G, next to the surface. If

the value of h at the bottom of the dip is assumed to be

some pseudo-steady state value resulting from conduction

then as G increases equation (2) would predict h to also

increase to the true steady state value with convection.

This is observed to be the case.



Just when after the start of heating, the air

film changes from a stagnant layer to laminar flow is

not completely certain. It would be of considerable

value to take interference photographs of the air film

during the first few seconds of heating to determine at

which time this transition takes place. Should this change

occur at about 1.5 seconds, then the given explanation

for the dip in the h vs @ curve would be substantiated.

If the foil was not held vertically there would be

a different value of h for each sides. of the platinum

foil. This would be caused by different patterns of air

flow next to the foil for the top and bottom surfaces.

The effect on h by varying the angle of the foil would

be suitable for future study.

The gradual rise of h to steady state in the

11 and 13 ampere runs after the dip is due to the beginning

of radiation effects. The h observed is composed of a

convection term, h, and a radiation term, hr. At the

beginning of the 11 and 13 ampere runs and during the 8

ampere run, temperatures are low enough so that hr may

be neglected.

McAdams (4) recommends equation (13) for heat

transfer by natural convection for a vertical plate in air

if,

Z4111.1



L3 p 2gifAT C 4
X ( k ) = 1 0 to 109 (12)

2 k f
f

ho = .29 (I 'T25 (13)

In equation (13), L is the height of the foil, is the

coefficient of volumetric expansion, and D is the

viscosity of air at Tf, the temperature of the gas film.

Assuming the temperature of the film Tf, is the

arithmetic average between the plate temperature and

room, p 2gBCp/ fk can be read off from Figure 7-8 in

McAdams where p 2gOCpA fk is plotted vs Tf

Equation (13) gives he 1.665 BT/Hrft 2 °F for

the 8 ampere run. This compares favorably with the ex-

perimental value of 1.655 BTU/Hr ft2 °F.

Similarly for the 11 and 13 ampere runs, h equals

1.96 and 2.025 BTU/Hr ft2 oF respectively.

The h for the 11 and 13 ampere runs should be

corrected for radiation effects. Walker,Lewis, McAdams,

and Gilliland (7) gave the following relationship for hb

the coefficients of radiant-heat transfer,

h - 3173 p i(Ts/100)4 (Tr/100)4 (

T -



2em

McAdams (4) gives a value of p, the emissivity, equal to

.054 - .104 for pure polished platinum plate. Using an

average of .70, hr is equal to .13 and .117 for the 11

and 13 ampere runs respectively. The h for the 11

ampere run is higher than that for the 13 ampere run

because the surface temperature of the 13 ampere run was

a little lower due to a 40 F lower room temperature.

Therefore the total h for the 11 and 13 ampere runs, which

is the sum of he and hr equals 2.09 and 2.15 BTU/Hr. ft.2 F

respectively.

The value of h = 2.09 for the 11 ampere run agrees

favorably with that obtained experimentally of 2.04

BTU/Hr. ft2 OF.

The value of h = 2.15 for the 13 ampere run is

lower than that of 2.32 which was obtained experimentally'.

An explanation of this discrepancy can not be readily offered.

The change in h on cooling the foil cannot be

readily correlated to any analyfcal expression. The coeffi-

cient, h, remains almost at the steady state value for

about 1.5 seconds and then decreases. This might be explained

again by film theory. Once this chimney effect has been

established, there is a certain momentum to overcome in

order to slow down this flow of air. As soon as the current

is shut off, the temperature of the foil immediately starts

to drop. However, the momentum of the air past the foil



does not allow the mass velocity of the air to immediately

decrease giving a lower h. Afrs 1.5 seconds the mass velocity

of the gas does start to decrease, giving a lower h as

observed. The scattering of the data cannot be accounted

for, except by assumhg stray air currents to give an

oscillatory mass velocity.

The source for the largest amount of error in

this calculation of h, is in evaluating the' slope- dT/d

from the plot of T vs . This uncertainty is not as criti-

cal as might be the case if T did not vary almost linearly

for the first 1.5 seconds to yield a constant dT/dG during

that time when h is changing the most rapidly. After the

first 1.5 seconds dT/dQ begins to change about 10 percent

for each .25 seconds. During this time, h varies little

from steady state.

The voltages from the thermocouples could be

measured to + .02 millivolts or + .50F. This error is

not significant.

An alternate method of measuring the temperature

would be by resistance thermometry. Since the resistivity

.of platinum has been very accurately measured as a function

of temperature, resistance thermometry could be readily

adapted to this sytem. This method would give some average

temperature over the portion of foil under study. It would

also eliminate the possility of measuring hot spots with the

thermocouple.
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VI CONCLUSIONS

1. The heat transfer coefficient, h, rises to infinity

as time approaches zero.

2. At the transition from a stagnant air film next to

the surface to laminar flow, h dips below its

steady state value.

3. After three seconds of heating, h is nearly at its

steady state value, although the temperature of the

foil does not reach steady state until seven seconds.

4. The values of h obtained at steady state,agree very

favorably with equation (13) as given by McAdams.

5. On cooling of the foil, h decreases almost linearly

after remaining a few seconds at the steady state value.



29.

VII RECO1MENDATIONS

1. Interference photographs should be taken to determine

when the transition from a stagnant layer to laminar

flow takes place.

2. The temperature of the foil may be determined by

resistance thermometry.

3. Measure h with the foil inclined at various angles

rather than Just vertically as done.
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VIII APPENDIX

A. SUPPLEIMENTARY DETAILS

The size of platinum foil used was 18 inches

long, 1,Oinch high and 0.0005 inches thick. The total

weight of this piece of platinum foil was 4.709 gms.

The distance between the platinum voltage taps was

38 mm. or 1.5 inches. This makes w - .392 gs. and

A = 3.00 square inches.

The size of the copper and constantan wire was

0.002 inches in diameter. The size of the platinum wire

was .010 inches in diameter. The thermocouples were

soldered to the platinum. The soldering operation was a

very delicate operation as a minimum of solder had to be

used in order to keep the contact from acting as a heat

sink.

The contact at the end of the platinum foil was two

pieces of copper sheet 1.5 inches high and 0.5 inches wide.

The copper wire from the current source was soldered to

the two copper strips. The platinum foil was sandwiched

between these two copper strips. The two copper strips

were held together by two pieces of fiber board held by two

screw clamps (see Illus. 1).



31.

The current was determined by measuring the voltage

across a standardized 0.001 ohm oil bath resistor.

The current through the foil was noticed to decrease

slightly as steady state conditions were approached. This

was due to the increased resistance in the cone heaters

as they become warm. Direct current was used to help

eliminate the possibility of 60 cycle pickup by the

thermocouples. However, it was found necessary to shield

the thermocouple wires by grounded aluminum foil. This

eliminated most of the noise which was largely composed

of 60 cycle line interference.
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B. SUMMARY OF DATA AND CALCULATED VALUES,.
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TABLE B-4 COOLING OF FOIL I 8A.

T

OF

183.5

180

173.5

167

162

156

151

146

141.5

138.5

135

132

129

124.5

120

117

114

112

109.5

AT

OF

89

82.5

76

71

65

60

55

50.5

47.5

44

41

38

33.5

29

26

23

21

18.5

Cp
al1/gm C

.0324
I,

l

It

.0323
'I

It

.0322
It

It

.0320

It

I

dT/dg
C/sec.

14.15

14.10

13.35

12.50

l .o8

10.92

9.93

8.61

7.22

6.72

6.39

6.02

4.38

4.13

3.17

2.82

2.62

2.36

h

1.41

1.51

1.55

1.55

1.58

1.60

1.59

1.50

1.33

1.34

1.37

1.39

1.28

1.24

1.06

1.07

1.09

1.09

Time

0

1/4

1/2

3/4

1.0

1/4

1/2

3/4

2.0

1/4

1/2

3/4

3.0

1/2

4.0

1/2

5.0

1/2

6.0
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TABLE B-5 COOLING OF FOIL I = 1A.

T
(°F)

(OF)
IF)

Cp
Cal/gm C

dT/d@
°C/sec

h

269

.0325

.0324
t!

212.5 117.5 .0323

107

97

87.5

79

.0322
it

.0321

.03

.0320

49.5

TI

36.5 .0319

31. "
I 

ti 3.33

TIME
(SEC.)

0

1/4

1/2

1.0

264

251

236

224

169

156

141

129

202

192

182.5

174

28.6
,

l!

27.8

25.5

23.3

21.3

20.2

18.3

16.6

10.8

9.13

7.78

6.78

5.30

166

1/2

3/4

2.0

1/2

3.0

1/2

4.0

1/2

5.0

1/2

1.50

1.70

1.81

1.91

1.91

1.92

1.94

2;02

2.03

1.85

1.62

1 .61

1.62

1.46

1.35

1.26

59154

144.5

137

131.5

126.5

121

42

6.o

26

23



TABLE B-6 COOLING OF FOIL I = 13A.

1.0

227

69

156

Cp

Cal/gm C

0325
IT

1!

If

.0324

I,

0323

it

0322
it

It

.0321

It

.0320

;I

.0319

t

It

dT/dg
0 C/sec

4.5

It

36.5

31.5

27.8

23.6

20. 5

18.35

15.15

12.65

11.0

10.3

9.5

8.5

7.41

6.657

6.38

4.12

3.23

38.

TIME
(SEC)

T
OF

0 295

286

1/2

3/4

271

255.5

1/2 215

181

166

160.5

145.5

132

120

106.5

97

87

77

201.5

192

182

172

2.0

1/4

1/2

3/4

3.0

h

2.20

2,39

2.32

2.25

2.19

2.19

2.09

2.13

1.97

1.79

1.70

1.74

1.78

1.67

1.65

1.60

1.65

1.51

1.37

151

1/2

3/4

4.0

56

51

48

43

143

138

5 1/4

5 3/4

40.5

124

120

29

25

oF
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C. SAMPLE CALCULATIONS

1. Experimental Heat Transfer Coefficient

Using equation (10), and using appropriate

conversion factors:

4 dT
hA(Ts-Tr) = EI(9.48 x 10 4)-3.97 x 10-3 wCp (15)

P dO

where A = 3.00 square inches

w = .392 gras.

Example: Heating of foil, I = 13 amps; 0 = .25 sec.

From Table B-3,

h(3.00)(68-59)=(.1825)(12.75)(9.48 x 10-4)-3.97x10- 3(.39X;03!9133.3)

h(27) = 22.05-16.5

h = .205 BTU/Hr. ft2 T

- 10.28 BTU/Hr ft2 oF

2. Theoretical Heat Transfer Coefficient

Example: 13 ampere run,

T = 159OF = 619°R

T s = 258F = 718°R

Tr = 590 F = 5190 R

From Figure 7-8 in McAdams,



= .81 x 106(199)(1)3 = 9.32 x lO

Substituting into equation

.29(199 x 12)0.25 = 2.025 BTU/Hr,ft 2 ,

In order to obtain h.',r equation (14) will

be used. Substituting into

Therefore

equation (14),

; - .173( .07 ) [ (7.18)2(5.19)2

718-519

= .117 BTU/Hr ft2 OF

BTb
h = hc + h = 2.025 + .117 = 2.15 Hrft 2

c r

40o

(13),

h
C

oF
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D. NOMENCLATURE

A surface area of section, cm. 2

Cp specific heat at constant pressure, BTU/lb. OF

E voltage across section, volts

f friction factor in Fanning equation

g acceleration due to gravity, 4.17 x 108 ft/hr2

G mass velocity, lb./hr. ft2 of cross-section of
fluid.

h overall heat transfer coefficient, h = hc + hr'
BTU/hr. ft2OF

I current through foil, amperes

k thermal conductivity, BTU/hr. ft. OF

1 thickness of film, ft.

L 1ght of foil, ft., L = 1/12 ft.

p emissivity of surface for radiation

9q heat lost by convection per unit time, BTU/sec.
sT r oF

T, temperature of gas film, T- F r

Tr temperature of room, OF

Ts temperature of platinum surface °F

A T s Tr

dTs
rate of change of surface temperature, °/sec

C L
(Pr) Prandtl number, equals - k

w weight of section, gms.
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x perpendicular distnace in air from platinum
foil surface, cm

a 2 thermal diffusivity, ft2/hr.

P coefficient of volumetric expansion, (OF)- 1

9 time, seconds

,Lf viscosity of air at Tf, ob./hr. ft.

p density, lb/ft3
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