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UNSTABLE CONVECTION HEAT EXCHANGE AND HYDRODYNAMICS 
IN CHANNELS (SURVEY OF LITERATURE ON SINGLE¬ 

PHASE HEAT TRANSFER AGENTS) 

E. K. Kalinin 

Continuation1 

In Part I of the survey it was shown that methodically the 

determination by experiments of the coefficients of heat radiation 

oí and flow friction in unstable conditions do not encounter 

fundamental difficulties^ as also the use of these values for 

engineering calculations by a one-dimensional method. 

In the second part of survey there are examined the theoretical 

and experimental research in unstable heat exchange and hydrodynamics 

in channels covered in literature. 

1For the beginning of the article. Part I, see "izvestla of 
Academy of Sciences of the Belorussian SSR" No, 4, 1966. Series of 
physical and technical sciences. 
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PART II 

1. Unstable Hydrodynamics 

It is obvious that unstable convection heat exchange to a 

considerable degree is determined by unstable hydrodynamics. 

Consequently, study of the latter, apart from its independent value, 

is necessary for the understanding and development of methods of 

calculation of unstable heat exchange. In the beginning it is 

expedient to examine the qualitative picture of unstable flow in a 

channel. During turbulent isothermal flow of an incompressible 

liquid in a pipe the equation of motion has the form: 

(2) where 

Permitting (1) and (2) with respect to the gradient of speed: 

If the profile of speed in a flow with acceleration were quasi-stable 

(i.e., it would correspond in every given moment of time to the 

stationary for a given instantaneous flow rate), then value of the 

bracket in (3) would not depend on the radius. In reality this is 
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impossible, since -Const by radius, but is changed from 

zero on the wall to a maximum on the axis of the pipe. 

In the quasi-stable case m Const . Taking this as the 

first approximation and considering (2) and (3) will come to the 

conclusion that In an accelerated flow -|î J Const grows from the 

axis to the wall (in absolute value) when -Í& >0 and decreases 
, dWx n dt 

w,->en -jjj— < 0 . A comparison of the quasi-stable profile of speed 

with the nonstable is expedient when the quasi-stable pressure 

gradient equals 
VdX 'k 

i£. _ 
ax y dt 

dW 
where is the average flow rate acceleration. Qualitatively 

such a comparison Is represented in Fig. 1. 

During acceleration of the flow ( > 0 ) the profile of 

speed becomes more filled; there appears a radial component of 

speed Wz>0 f % > <£ and, consequently. 

i since § » 

In turbulent flow an increase of at the wall leads to increase 

of the output of turbulence which in comparison with 

the quasi-stable turns out to be higher at the wall and lower in 

the flow core. 

Heat flow on the radius of the pipe 

i2*) 
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Fig. 1. Distribution of tangential 
stresses and profile of speed in an 

accelerated flow. - - —-is 

dW 
delayed flow — < 0 ; ... is 

dt 
quasi-stable flow; — — — — is 

accelerated flow QiL > Q . 
at 

decreases from a maximum at the wall to zero on the axis. Conse¬ 

quently, for assigned temperature head an increase of ,XT near the 

wall will lead to a growth of the coefficient of heat radiation in 

comparison with its quasi-stable value. During deceleration of the 

flow the picture is the reverse. In the case of laminar flow the 

character of the nonstable change of the profile of speed and the 

tangential stress will be qualitatively analogous to that depicted 

on Fig. 1, but less noticeable, since * 0 in (3). 

The considerations expounded show that the hypothesis of quasi¬ 

stability does not correspond to reality. Therefore the quasi-stable 
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method of calculation of hydraulic losses founded on it is very 

approximate. Although unknown, whatever in that or another case of 

calculation is allowed. A series of works is dedicated to a 

theoretical analysis and experiments in nonstable hydrodynamics in 

channels. Let us consider them briefly. Carstens and Roller [1] 

obtained an expression for the ratio of the nonstable coefficient 

of friction to the quasi-stable £ . They originated f’-om 

the following assumptions: 

1) the profile of speed in the core of a turbulent flow obeys 

the usual root law; 

2) mean-integral acceleration on the radius equals the average 

expenditure; 

3) gradient of tangential pressure on the axis of the channel 

is equal to the quasi-steady-state value, i.e.. 

Then 

(5) 

Here 

J- K j + iMllíL. jw 
K sy 8t 

(6) 

is a function which depends on radius and wall 

index H in the expression for profile of speed. When ft = 7, 

= O.II23. Let us note that assumption 3 is illogical since the 

authors in their own computations operate with average-expenditure 

acceleration, but not acceleration on the axis of the channel. 

This is clear from Fig. 1 and leads to the oversized values given 

in formula (6). Dependence (6) and the experimental data obtained 
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Fig. 2. Experimental determination of the coef¬ 
ficient of friction for nonstable turbulent flow 
in a pipe. 1 — Equation (6); 2 — Equation (6) 
taking into account error allowed by authors [1] 
in the distribution of tangential stresses; 3 — 
Experimental points [2]; 4 — Experimental points 

by [1] and [2] are represented on Fig. 2. The authors of [2] 

recommend the formula for calculation: 

(T) 

where Q is the experimental coefficient. 

During acceleration it is equal to 0.01, and during deceleration 0.62. 
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These experiments were conducted on water in a vertical smooth pipe 

with a length of 27 calibre with Reynolds numbers to 5 •10"’ and 

4lw dW 
<K °*^* In t1! the experiments also were conducted 

on water, but in a horizontal pipe with a length of 500 calibre. 

The experiment started from a zero flow rate. At first there was 

established streamline conditions, then, according to growth of 

speed in the entrance sections there appeared turbulent flow which 

spread to the outlet and attained it at t y , ' > 1.38, where j\ 

is the piezometric pressure in the tank, and L is the length of 

the pipe. Experimental points in [1] and [2] deviate from the 

results of quasi-stable calculation by not more than 20-30$. 

During nonstable flow hydraulic losses in friction are only a part 

of total losses, even including inertial hydraulic losses. This 

permits the authors [1] to make a conclusion concerning the accepta¬ 

bility, for engineering goals, of the use of the quasi-stable method 

of calculation. The influence of instability of the flow of gas on 

the coefficient of flow friction was investigated by V. A. Tsetserin 

[3]. In the method of the experiment by V. A. Tsetserin there are 

made such rough assumptions (actually the inertial component in 

equation of motion is not considered) that results obtained in [3] 

cannot be taken into account. 

N. A. Panchurin [4]-[7] solved, in the. form of an infinite 

series, the equation of Navier-Stokes for laminar flow during an 

exponential change of the pressure gradient. The same equation, but 

in averaged values, is solved by him for turbulent flow. Here 

was accepted as depending on speed, but constant by section. With 

such a simplification the solution for turbulent flow presents 
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practical interest. In the case of laminar flow it was shown that 

for accelerated flow the profile of speed is more filled, and for 

delayed it is less filled than for quasi-stable, however the example 

did not get as far as a comparison of and ^ . Experiments 

by N. A. Panchurin were carried out on water, which oscillated in 

a U shaped pipe with a length of 7 m ( cl = 147 mm) during ße £ 105 
d» 2 

and ^ 1.4 m/s . Oscillations of the column of water were 
dw 

compared with the computed values obtained from the solution of the 

equation of oscillation with friction. 

In equation there was put ^ = 0.019 which corresponds to the 

self-simulating region of flow at Re > 6*10^. From experiments 

it turned out that £ > toth during acceleration and during 

deceleration of flow. This is quite natural since in the method of 

calculation there were not considered losses on formation of the 

profile of speed, changeability , eddy formation during oscil¬ 

lation of the flow in the U shaped pipe, etc. 

The experiments of I. S. Kochenov and Yu. I. Kuznetsov [8] 

with turbulent flow of water gave a very great influence of insta¬ 

bility on ^ , as also their theoretical analysis for laminar flow. 

During acceleration of flow they obtained |> > 5 f and durin6 

deceleration ^ ^ up to < C 

Perlmutter and Siegel [9] obtained a solution of the equation 

of motion for laminar flow of an incompressible liquid in a flat 

channel during a jump-shaped change of the pressure gradient. 

Considerable interest is presented by works dedicated to the 

theoretical research of a nonstable boundary layer [10], [11], In 

these works it is shown that during acceleration of flow the profile 

8 



of speed is more filled, the coefficient of friction increases and 

separation of flow is hampered. During deceleration, conversely. 

Also, the determining factor, as in channels, is the relative 

1 dW 
acceleration --- . ——. During acceleration of the cylinder the 

W otJ 

point of breakaway shifts back, therefore the width of wake flow 

and the coefficient of profile resistance is lowered. During 

deceleration, conversely. This is well confirmed by experiment [12]. 

The same will be true for other blunt bodies having separation of 

flow. 

In channels, in places where there are vortexes (local resis¬ 

tances) it is possible to expect that the coefficient of local 

resistance during acceleration of flow will also be less than 

quasi-stable, and during deceleration, more so. Experiments [2] 

and [4] on diaphragms in pipes confirm this. It was determined 

that the less the ratio of the diameter of the hole of the diaphragm 

to the diameter of the pipe, the bigger this effect will be. 

2. Unstable Heat Radiation 

a. Laminar flow. We know of only theoretical works dedicated 

to investigation of heat exchange during nonstable laminar flow of 

heat-transfer agents in pipes and flat channels. The solution of 

equations of energy and motion n these works is looked for under 

the following general assumptions; 

1. physical properties are constant, 

2. the liquid is incompressible, 

heat supply due to dissipation of energy is absent, 

4. thermal conduction along the axis of the channel is equal 

to zero. 
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5. s O ( Wÿ = C ). 

Under these assumptions (for a pipe) the problem reduces to a 

separate solution of the equation of motion: 

3WX 

dx 
1 

? 3x ^ 
3 

3¾ 

9WX \ 
3¾ ; 

and the equation of energy: 

(8) 

^ +W |I =-t£- 
3t * 9* pCp 

±.±(l. 
Z dz ^ 

31 

dt 
) (9) 

The equation of energy (9), as a rule, is solved approximately 

either by the method of the "rod" model, or by the integral method. 

The method of the "rod" model consists of the fact that speed in 

(9) is regarded constant on the section and equal to the average 

flow rate, i.e., wx-w. Further, the solution is sought in the 

form of a series, analogous to the steady-state solution, but in 

which every member is multiplied by function . Substitution 

of this expression in (9) gives a partial differential equation of 

the firso order relative to . Solving it by the method 

of characteristics or another way, we find F C*.^) and the 

solution of the nonstable problem. 

The integral method differs from the preceding only by the fact 

that in (9) distribution W is considered on the section of the 

channel, but function F.Cit) is the permutation of the sought 
h * 

solution not in (9) but in the equation obtained after integration 

of (9) over the radius of the pipe. Both methods do not permit 

estimating deflection from the exact solution without a direct 

comparison with the last one. But they permit one qualitatively 

and correctly to describe the basic peculiarities of nonstable heat 

exchange. 
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Fig. 3. Nonstable change of heat flow during 
an abrupt change of the temperature of the 
wall of a cylindrical pipe. 

On Fig. 3 according to the data of R. Siegel [13] there is 

represented the change in time of heat flow after a Jump of wall 

temperature. A curve of the hyperbolic type describes the change 

of heat flow in sections ( X > 0 )t to which the heat-transfer 

agent, located at the initial moment outside the limits of the 

heating section still did not reach. In these sections there occurs 

a nonstable heating of the heat-transfer agent due to thermal 

conduction only. This curve coincides well with the solution of the 

nonstable heat-conduction equation for a rod of heat-transfer agent. 

The straight lines parallel to the abcissa are the steady- 

state solution for sections X<0i which for the given section 

passes to a nonstable solution. 

11 



Sparrow and Siegel [14], [15], [16] using the "rod" model con¬ 

duct an analytic investigation of the simplest cases of nonstable 

heat exchange, when the speed of the heat-transfer agent is constant. 

Perlmutter and Siegel [9] also using the "rod" model analyze 

nonstable heat exchange in a flat channel, already taking into 

account the jump-like change of the pressure gradient. 

Fig. 4. Change of heat flow during an 
abrupt change of the gradient of pressure 

and temperature of the walls ( Pi = 0.7). 

Initial moment : W*W*0 * T*T =T 
1 > w 'o 

Final moment : W * W_ • T * T 
I * w 
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On Fig. 4 there are represented the results of their calcula¬ 

tion for a simultaneous stepwise change of wall temperature and 

pressure gradient. When X >@ nonstable thermal conduction takes 

place heat flow drops. When X <6 , there is convecticn heat ex chan 32 

with variable flow speed. Heat flow in this case grows, since with 

a growth of speed the temperature head grows. In a later work [17] 

these authors examine analogous problems, applying the integral 

method. The qualitative results coincide. In work [18] using a 

"rod" model they study heat exchange in a flat channel with an 

arbitrary time and length change of heat flow. 

Millsaps and Pohlausen [19] by the integral method investigated 

heat exchange at nonstable flow of a liquid metal in a pipe taking 

into account axial thermal conductor. 

b. Turbulent flow. A theoretical analysis of nonstable heat 

exchange in a turbulent flow, even examined by methods of approxi¬ 

mation is much more difficult than in laminar flow. For nonstattonary 

flow, analysis in genera] is now impossible, since there are no data 

about the distribution on a section of a channel of the turbulent 

exchange coefficients momentum, and h' at. Therefore in theoretical 

works there are studied only thermal instability during a constant 

profile of speed and stationary distribution of turbulent parameters 

on the section of flow. 

Sparrow and Siegel [20J examine heat exchange during an abrupt 

change of wall temperature using the integral method. Applying 

the method of superposition they widen the found solution to the 

case of a linear change in time of wall temperature. The data of 

this analysis are compared with results of the quasi-stable calcula¬ 

tion when ft “Const. It is shown that divergence with the quasi- 

stable calculation is even greater as the contribution of 
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nonstationary thermal conduction is greater. Also applying the 

integral method Jill [21] analyzes heat exchange during an abrupt 

change of the temperature of the heat-transfer agent at the entrance 

to the heating section. 

Of experimental investigations at present there are published 

only the works of the colleagues of the Moscow Aviation Institute 

[22], [25], [24]. The experiments described in these works were 

conducted on a smooth round pipe of stainless steel with a diameter 

of 5.59 mm, thickness 0.5 mm and length 225 calibre. The working 

substance is air. The coefficient of heat radiation was determined 

by the method expounded in the first part of the survey. 

There were investigated two types of instability: 

1) abrupt rise and drop of thermal load (electroheating of 

the tube) during a constant flow rate of air; 

2) rise and drop of the flow rate of air during constant 

heat emission in the walls of the tube. During the rise flow rate 

was rapidly (0.1-0.5 s) increased, then smoothly (2-5 s) decreased 

to a new steady-state value, which was 2-5.7 times larger than the 

initial value. 

During a drop of the flow rate the picture is reversed — at 

first a sharp fall, then a smooth growth of the flow rate. In the 

work it is shown that K-fCKT,K6) • Criterion KT ¡ and conse- 

) considers the influence on K quently (or >(TW - Ti) 
at ' ‘ et 

of the nonstationary change of profile of temperature. In other 

words, Kt considers the contribution in heat radiation of non¬ 
stationary thermal conduction. Criterion Ke and the parameter 

corresponding to it consider the Influence of a nonstationary 
ao 
at 

change of the profile of speed on heat radiation. 
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K 

Fig» 5. Dependence of K on KT and K during a rise and drop 

of the flow rate. 

In the experiments K was changed from 0.5 to 1.7. On Fig. 5 

there is represented dependence ^ » obtained during a 

drop and rise of the flow rate. In the work it is noted that the 

influence of the temperature factor in transient conditions is 

stronger on heat radiation and flow friction than in stable. This 

!& explained by the fact that with identical values of the tempera¬ 

ture factor, deviation of the density of the gas at the wall from 

the mean value of density in the section is greater in transient 

dT 
conditions (when ^ Q ). Consequently, the influence of the 

temperature factor on the development of turbulence Mv' 'a' 
J i * 2; 

in transient conditions is greater than in stable. 
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5. Conjugate Problems of Unstable Heat Exchange 

Perlmutter and Siegel [17] considered the Influence of heat 

capacity of the wall on heat exchange in a flat channel during an 

abrupt change of the pressure gradient and external temperature of 

the wall, and oiegel [25] jointly investigated the process of heat 

exchange between rod laminar flow in a flat channel and the wall 

with final heat capacity and constant temperature by thickness. 

The solution was numerical during a constant flow rate. He also 

obtained conditions: when X> wt, unstable thermal conduction; 

when X < Wt » unstable convection heat exchange, which for the 

given case is the superposition of nonstable thermal conduction 

on stable convection heat exchange. 

A. V. Lykov and T. L. Perel'man [26] considered a change of 

temperature by thickness of the wall. They tried to examine heat 

exchange between a small rod, located flush with the wall of a right 

angled channel, and laminar flow: the rod was assumed to be heat- 

insulated from the wall of the channel, and the liquid incompressible 

with constant physical properties. 

However, after a series of mathematical simplifications, they 

essentially brought the problem to an analysis of nonstable thermal 

conduction between an infinite plate of finite thickness and a rod 

flow of infinite thickness. Also it j assumed that the plate has 

a finite heat capacity and one h> it-insulated side, and in the flow 

there is heat emission proportional to the temperature of the flow. 

Namely this (and not the initial) problem is solved in [26] 

without corresponding reservations, which leads the authors to 

physically doubtful conclusions in the interpretation of the obtained 

results. 
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An experimental investigation of conjugate problems was carried 

out by Ye. V. Kudryavusev, K. N. Chakalev, and N. V. Shumakov [27]. 

They investigated heat exchange between the end of a rod and a flow 

of hot water in a thermostat or in a right angled channel. The rod 

was raised flush with the wall and was heat-insulated from it. 

The whole method of treatment of the experiment is built on 

the assumption about a one-dimensional change of temperature in 

rods (only lengthwise along its axis). In reality the coefficient 

of heat radiation on the surface of the end of the rod is strongly 

changed. Consequently, the temperature field in the rod essentially 

is not one-dimensional. 

The authors [27] did not consider this and came to inexplicable 

conclusions from the point of view of contemporary hydrodynamics 

on the dependence of the nonstable coefficient of heat radiation 

on the physical properties of rods and their dimensions. 

^• Other Problems of Nonstable Heat Exchange 

In literature there are published interesting works devoted 

to different aspects of nonstable heat exchange. For example, 

in [28]-[32] there is theoretically examined nonstable heat exchange 

under conditions of free convection. 

In [11], [33]-[36] there is examined nonstable heat exchange 

with external circulation, etc. 

Conclusions on the Second Part of the Survey 

1. The structure of flow during nonstable broken and 

continuous flow in channels is different than quasi-stable. This 

can lead to substantial deviations of heat radiation and flow 

friction from the data of the quasi-stable calculation. 
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2. During stable hydrodynamics and thermal instability heat 

radiation also can differ noticeably from the quasi-stable due to 

the superposition of nonstable thermal conduction. 

3. Theoretical research of nonstable heat radiation published 

in literature even for laminar flow in virtue of the great complexity 

of the problems are approximate and have a qualitative character. 

Theoretical research of conjugate problems is connected with still 

greater mathematical difficulties. 

4. Experimental investigation of nonstable hydrodynamics and 

heat radiation in channels is in the initial stage. 

Conclusion. 

The necessity of a deep and manifold investigation of nonstable 

hydrodynamics and heat radiation is sharply confirmed by the require¬ 

ments of practice. The attempt to account for the contemporary 

state of this problem is caused by a desire to attract to its study 

a large circle of researchers. 
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APPENDIX: DESIGNATIONS AND INDICES 

Designations 

G 

? 
W 

mass flow rate of heat-transfer agent, 

density, 

average-expenditure speed, 

projection of speed on the x-axis and on radius. 

ß- - 

ßr * 

A - 
K - 

)> - 

a 
Cp 

I 
I 

time, 

coordinate along the axis of the channel, 

temperature, 

mean-calorimetric temperature of the heat-transfer agent, 

static pressure, 

tangential stress 

coefficient of dynamic viscosity, 

coefficient of turbulent viscosity, 

coefficient of thermal conduction, 

coefficient of eddy conductivity, 

coefficient of kinematic viscosity, 

turbulent coefficient momentum transfer, 

turbulent coefficient of heat transfer, 

coefficient of temperature transfer, 

specific heat capacity at constant pressure, 

coefficient of flow friction, 

average length coefficient of flow friction 

d 
ä 
L 

? 

h 

diameter of pipe 

half the height of a flat channel, 

length, 

acceleration due to gravity, 

piezometric pressure. 
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criterion of Nusselt, Reynolds, Prandtl, J/u , Re t Pi 

JV'uK 
ratio of nonstable heat radiation and 
quasi-stationary. 

i/ d Í U - TQ d 
' 3t (T„-Tt)a 

criterion of temperature instability, 

K 
6* dt 

— criterion of hydrodynamic instability. 

Indices 

K - quasi-steady-state magnitude of a value, 

W - magnitude value on the wall 

C - magnitude value on the axis, 

J • 9 
7*Ä “ initial and final steady state. 
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