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Abstract

This report contains a short resume of the available informa-

tion from various sources on the effect of free convection flow on

forced convection heat transfer in vertical channels. Both theoretical

and experimental investigations are included. Nearly all of the theo-

retical investigations are concerned with laminar flow with or with-

"out internal heat generation. More consistent data are available for

upward flow than for downward flow. Curves are presented to deter-

mine whether free convection or forced convection mode of heat trans-

fer is predominant for a particular Reynolds number and Rayleigh
5

number. At Re, > 10 free convection effects are negligible.

Downward flow through a heated channel at low Reynolds num-

ber is unstable. Under similar conditions the overall heat transfer

coefficient for downward flow tends to be higher than that for upward

flow.

(This report forms a part of the thesis to be submitted to the Royal

Institute of Technology, Stockholm, in partial fulfillment of the re-

quirements for the degree of Teknologie Licentiat. )
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I. Introduction

For most fluids, the density decreases with increasing tempe-

rature. The hotter fluid mass tends to rise due to an increase in the

buoyant force. Colder fluid from the surroundings replaces the hotter

fluid. Fluid motion, caused irx the above manner is called free con-

vective flow. In general free convective flows occur due to a diffe-

rence of body forces in different parts of a fluid.

If a flow field is imposed, e. g. in pumping, a convecting

fluid past a heat transmitting surface, the resulting phenomena is

termed as combined forced and free convection, Forced convection

is a limiting phenomena in which the momentum transport rates are

very large and the effects of the body forces are negligible compared

with the pumping forces.

II. Theoretical investigations

Ail the theoretical investigations except the one described in

ref. [25] are for laminar flow conditions. All the analytical solutions

are based on the following assumptions:

a) The flow is fully developed

b) The only non-vanishing velocity component is the one in the

vertical direction

c) The physical properties of the fluids are constant except densi-

ty in the expression for body force

d) There is single pha.se flow

II. 1 Laminar flow

Laminar flow inside vertical channels, with or without heat

generation, is a two-dimensional boundary value problem if it is

based on the above assumptions.

Lu [ZO] considered the case of laminar flow with interna.! heat

generation inside vertical pipes with circular sector cross sections.

Finite Fourier sine transform and finite Hankel transform are used

for solving the equations. The analytical solution breaks down for the

following values of (Ra), : 369. 7 - 4245 - 6410 - 7086 - 15440 -
XJXX

- 19710, and so on.



4 -

Hallman [9] and Ostroumov [25] analytically investigated the

problem of laminar flow through a circular pipe with uniform heating or

cooling at the wall. Solutions were obtained for cases including conditions

where internal heat generation was or was not present. The problem is

solved in terms of Bessel functions. Hallman [9] obtained expressions for

both Nusselt number and pressure drop. The analytical functions giving

the dimensionless temperature and velocity profiles have infinite dis-

continuities when

Jj ( K ) I 0 (K) - I J (K) JO (K) = 0 (2-1)

where

Equation 2- I has an infinite number of roots. Some of the corresponding

values of Ra , are -452. 1 and -3700.mod

Tao [37] and Han [14] solved the problem for laminar flow through

a vertical rectangular channel. Tao's analysis is valid for conditions with

or without internal heat generation. A complex function was utilised to di-

rectly relate the velocity and temperature profiles.

Ostrach [28, 29, 30J has done extensive analytical investigation of

the problem of laminar flow between two parallel vertical surfaces with or

without internal heat generation. Effects of aerodynamic and frictional

heating is also included in the analysis. Solutions have been obtained for

constant wall temperatures [29] , linearly varying wall temperatures [30]

and for downward increasing temperature profiles [28] .

Martinelli and Boeiter [23] analysed the mechanism of heat trans-

fer in laminar flow through a vertical pipe taking into account buoyancy

forces. The velocity profile is assumed to be linear near the tube wall.

II. 2 Turbulent flow

Ojalvo and Grosb [27j made an analytical study of turbulent heat

transfer in a vertical circular channel under the conditions of combined

forced and free convection with uniform heat flux at the wall. The eddy

diffusivities of momentum and heat were assumed to be proportionately

constant.



An IBM 704 digital computer was used to solve the three simul-

taneous equations for velocity profile, temperature profile and p r e s s -

u re drop. The analytical solution is valid only for upward flow. Due

to reasons unclear to the authors the iteration process in the com-

puter oscillated for the following values of Ra. , :
r ° mod

For Pr = 1

Ra , = 256, 400s 625 or 800mod

For any value of Prandtl number

Ra , = 4096, 104 or 106

mod

III. Experimental investigations

III. 1 Ls.minar flow

Kemeny and Somers [20] studied combined free and forced con-

vective laminar flow in vert ical circular channels. The flow media

were water (Pr = 3 to 6) and oil (Pr = 80 to 170). Only upward flow

with heating was studied. In the axial direction the wall temperature

increased at the inlet to a maximum and then decreased. After reach-

ing a minimum it again increased towards the outlet. The wall tempe-

ratures at some points in the downstream portion of the channel were

found to fluctuate. The frequency of fluctuation was about 15 cycles

per minute at the point of the maximum amplitude. The data for the

transition region were difficult to correlate. Above a bulk Reynolds

number of 200 a transition from laminar to non-laminar flow occurred.

The disturbances consisted of thermally induced eddy fluctuations. It

seems that wave type flow containing large cells are generated at

this condition.

Experimental investigations were conducted by Hallman [8] to

study laminar heat transfer in a vertical circular channel under the

conditions of combined forced and free convection. It was found that

the following parameter has significant effect on the measure of the

influence of the free convection on the forced convection heat t r ans -

fers
PvPv g AD4 p Cpb b b b ( 3 2 )

mod , 2 X,
16/* b b
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wnere

p = - ~pr « zpr a n d A = —rr P 3 T 9 x

A is positive

a) when the fluid is heated as it flows upwards, or

b) when the fluid is cooled as it flows downwards.

A is negative

a) when the fluid is cooled as it flows upwards, or

b) when the fluid is heated as it flows downwards.

If the coefficient of volumetric expansion. 3 > is positive then Ra ,

has the same "ign as A. In most of the cases encountered in common en-

gineering practice {3 has a positive sign.

For positive Ra ,, i. e. upwards flow with heating without internal

heat generation, Hallman's data are correlated by the following equation

which is valid in the region

102 < Ra , < 104

^ mod ^

Nu, „ = 1.40 Ra"' "T (3-2)
b.D mod v '

With positive Rayleigh numbers a t rans i t ion to a fluctuating flow condition

was observed for values given by the following equation valid in the region

(see F ig . 3)

Re, P r
1 < < 20

Re • P r 1. 83
(3-3)

where

R a
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Data with downwards flow, i. e. negative Ra , , indicated the

following:

a) The wall temperature was axially assymetric.

b) With higher heating rates the wall temperature at the lower portion

of the vertical tube was found to be unsteady. The variations were

periodic in nature. Records oC the fluctuations indicated that the "

frequency of the fluctuation was independent of axial location but

the amplitudes of the fluctuations were different at different axial

locations.

c) The Nusselt numbers were below the pure forced convection value

of 4. 36 and considerably below the data which was obtained for

the same heating value and flow conditions but for reversed flow

directions.

Guerrieri and Hanna [7] used optical methods to study down-

wards flow of air through a narrow rectangular duct. Only two opposed

parallel sides of the duct were heated. The flow rate ranged up to a

maximum Reynolds number of 4900. Fig. 5 shows an example of how

the local Nusselt number varied downwards along the length of the test

section. In the upper part of the test section the heat transfer coeffi-

cient decreased because of stagnation of the flow near the heated walls.

Further downstream the buoyancy forces become more predominant

and cause local disturbances near the wall. Local upwards flow near

the walls increases mixing and as a result the heat transfer coeffici-

ent increases. Still further downstream, the temperature gradient near

the wail decreases due to improved mixing and as a result upward flow

due to buoyancy forces decreases near the heated walls. From Fig. 6

it can be seen that with higher bulk Reynolds number the regions de-

scribed above are longer. This agrees with the idea that at very high

bulk Reynolds numbers, the effect of the free convective flow on the

forced convection heat transfer should be negligible. No observation

of instabilities or asymmetries in -wall temperatures are mentioned by

Guerrieri and Hanna [?] .
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III. 2 Turbulent_fiow_

Eckert. Diaguila and Curren [3] studied mixed free and forced

convective heat transfer connected with turbulent flow of air through a

short duct. The Reynolds number range covered in the experiment was
4 5

3. 6 • 10* to 3. 77 • 10 . Both upwards and downwards flow were studied.

On the basis of the experimental results the heat transfer phenomena was

divided into three groups:
a) pure free convective

b) mixed forced, and free convective

c) pure forced convective

The three regimes were established in terms of the local heat transfer

coefficient. For a particular Reynolds number = ^e>» ^ne ^Ta^ between

free convective and mixed forced and free convective heat transfer was

defined as the value of Gr. • Pr, for which (Nu, ) had values 10 %
bx b x bx'exp

above the dashed line representing the free convection heat transfer

(Fig. 7 and Fig. 8). The forced convection limit was determined in a simi-

lar way from Fig, 7. Fig. 8 shows the resultant plot between Re, and

Gr, • P*\ for the two limits. For parallel or upwards flow the limiting

line between the free and mixed flow regime is given by

Re, =8.25(Gr, • Pr, )°* 4 0 (3-4)
bx bx b

The limiting line between the forced and mixed flow regimes is

Re, = 15.0 (Gr. • Pr, )°* 4 0 (3-5)
bx v bx V x .

With counterflow the limiting line between free and mixed flow is

given by

Reb x = 18. 15 (Grbx • P r / ' 3 3 (3 -6)

It should be mentioned here that with counterflow x still denotes

the distance of the measuring point from the bottom of the test section.

Fig. 9 shows a plot in which the dirnensionless numbers are recalculated

by substituting § = L - x in the place of x. L. = total length of the test section.
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The limit between forced cortvective flow and mixed forced and

free convective flow was difficult to determine because the mixed flow

regime approached the pure forced flow conditions much more gradu-

ally for counterflow than for parallel flow.

An important observation in connection with counterflow was •

that the heat transfer coefficients were nearly two times greater than

those calculated for pure free or forced convection flow. The tendency

is opposite to what was observed and analytically predicted by Hallman

for laminar flow.

Watzinger and Johnson [39] investigated flow of hot water

through a vertical pipe with cooled walls. Downwards flow in this case

corresponds to a positive Ra ,. The limiting line between the free

and mixed flow is given by

(Re)b = 7. 39 (Gr.bD)°-35 (3-7)

The limiting line between forced and mixed flow regime is given by

Reb= 19.64 (Grb D)0 '3 5 (3-8)

Some data were obtained for negative Ra , . It appears that

the heat transfer coefficients for negative (Ra) , are 6 to 20 percent

higher than the coefficients obtained from corresponding positive

(Ra) , runs with equal At.. Fie. 10 shows a plot of Watzineer and
mod j

Johnson relations reproduced from [3] .

IV. Disctission

A general examination of the theoretical and experimental in-

vestigations reported in the published literature indicates the follow-

ing:

IV. 1 Laminar flow

a) For upward flow with heating under laminar flow conditions there

is a fairly good agreement between the theoretical and the experiment-

al investigations.
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b) For downward flow with heating under laminar flow conditions local

heat transfer coefficients vary with time. The variation is caused by in-

stabilities due to local cell formation. Overall time-average heat trans-

fer coefficients are difficult to predict.

IV. 2 Turbulent flow

a) For upward flow with heating under turbulent flow conditions all the

data are for round pipes. No reliable correlations are available for pre-

dicting the heat transfer coefficient in the mixed flow region. For Reynolds
5

number greater than .10 effects of free convective flow on forced convec-

tion heat transfer are negligible for cases encountered in common engine-

ering practices.

b) In the case of turbulent counterflow the highest Reynolds number for

which data is available is 3. 77 - 10 . Effects of free convection are not

negligible at this Reynolds number if the Grashif number is of the order

10 . No instabilities or asymmetries in the wall temperatures are re-

ported. The heat transfer coefficients for counterflow are higher than

those for parallel flow under similar conditions. The quantitative agree-

ment between the data from different sources is poor. The increase in the

heat transfer coefficient varies from 6 to 200 percent.

V. Recommendations

V. 1 Upward flow

a) Under laminar flow conditions equation (3-2) can be used for calculat-

ing heat transfer coefficients and equation (3-3) for estimating transition

to fluctuating flow.

b) Under turbulent flow conditions the following equation can be used for

estimating the local heat transfer coefficient.

Nu, = 0. 116bx
D 2/3

_125 D 1 +

(5-1)
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V. 2 Downward flow

a) From the existing experimental data for laminar flow it is not

possible to predict the local heat transfer coefficients. Hallman's (9)

theoretical analysis for laminar flow can be used for predicting

the local heat transfer coefficients at very low values of Ra , . At.

higher Ra 7 under laminar flow conditions inversions in the flow0 mod
directions makes it difficult to correlate the available experi-

mental data.

b) No satisfactory correlations were obtained for the experimental

data for counterflow under turbulent flow conditions. The curves in

the Fig. 9 can be used for estimating the local heat transfer coeffi-

cients for counterflow.
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NOMENCLATURE

A temperature gradient in the axial direction (along the x axis)

3 T o,-, /
= —— - C/meter

3 x '

C specific heat at constant pressure - j / k g C

D diameter - meter

D equivalent diameter - meter

I« modified Bessel function of the zeroeth order

I, modified Bessel function of the first order

Jrt Bessel function of the zeroeth order

J, Bessel function of the first order

L total length of a vertical channel - meter

T temperature - C

g acceleration due to gravity - me te r / sec

t temperature in C when not defined otherwise

x longitudinal or axial coordinate (see fig. 1}

y t ransverse coordinate (see fig. 1)

Gr, ~ Grashof number = j •

& x 3 (t
Gr, Grashof number =

Nu, T-. Nusselt number

Nu, Nussel number = Q~?L
D X -v.

Nu, Nusselt number =
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Pr, Prandtl number =

Ramod

R a
bD

R a
Lu

modified Rayleigh number =
16 n b

Rayleigh number = Gr, „ . Pr,

modified Rayleigh number of Lu (20) =

* P • g A p C P

Re.

Re

•Re,

a

P

7

V-

b x

Suffixe s

x

Reynolds number =

Reynolds number =

Reynolds number =

coefficient of heat transfer W/m C

volumetric expansion coefficient =

p b

h

P b

W b

b

w b

w b

D

X

6

1/ C

ratio of specific heats

dynamic viscosity - kg/m s

thermal conductivity - W/m C

as defined in eq {2-1-a)

longitudinal or axial coordinate (see fig. 1) - meters

bulk

at a distance x

at a distance s





Fig. 1. Schematic sketch of configuration.

x = distance from the bottom of a test section
II 11

Positive Bayleigh numbers

Negative Rayleigh numbers

10 100

Absolute value Rayleigh number,

1000 10,000;

Fig. 2. Nusselt number versus absolute value of Ra , for positive and negative

Rayleigh. numbers (ref. 9) Abscissa I Ra ,j Ordinate
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-Turbulent flow
(Nu - 0.0252(GrxPr)

2/§)

Air flow,
lb/aec

Air pressure,
Ib/sq In. abs

Laminar flow
- (eq. (7))

0.520
.499
.490
.313
.508
.549

Points calculated on length
measured from end of
steam jacket to center
of condensate chambers I

10*2 1013
Product of Qrashof and Prandti numbers,

Fig. 7, Dimensionless correlation of local mixed-free-and forced-convection heat transfer
coefficients for turbulent parallel flow (ref, 3).

Abscissa Gr, . . Pr, = Ordinate Nu.
bx
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Free flow
Free flow
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Fig. 8 Free and forced convection limits for turbulent flow tube with length
to diameter ratio of 5 and Prandil number of 0.7 (ref. 3).
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