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Abstract—The results of study of heat carrier mixing for different types of hydrodynamic unsteadiness in

helical tube bundles are generalized and analyzed. New generalizing relations are proposed for calculation

of unsteady effective turbulent transfer coefficients that can be used to close the initial systems of equations.

Deviations of the numerical values of unsteady transfer coefficients from their quasi-steady values are

found and explained by the disturbance of the balance among the energy supplied to the flow, turbulent

diffusion and turbulence energy dissipation that cause the turbulent flow structure to vary with time.
© 1997 Elsevier Science Ltd.

1. INTRODUCTION

Part 1 of the present article {1] is devoted to con-
sidering the theoretical flow model in bundles of heli-
cal oval tubes and fuel element. This model is
described by a system of equations that can be solved
numerically for different types of hydrodynamic
unsteadiness. For the system of the initial equations
to be closed for the considered cases of heat carrier
flowrate increase and decrease, effective turbulent
transfer coefficients must be determined from exper-
iment. At the same time, the method of heat diffusion
from a group of line heat sources is used for deter-
mination of those coefficients. The methods of com-
putational and experimental study of unsteady pro-
cesses and the experimental setup, on which
experiments have been conducted, are examined in ref.
[1]. The results of numerical computation of transient
processes occurring in the nuclear reactor of the power
propulsion plant (NPPP) are also presented in ref. [1].

The objective of this part of the article is to gen-
eralize and analyse the results of investigation of
unsteady mixing of heat carrier with its flowrate vary-
ing in time as well as to obtain new closing empirical
relations for calculation of effective turbulent heat and
momentum transfer coefficients for different types of
hydrodynamic unsteadiness. In this case, the depen-
dences of the transfer coefficients on the determining
similarity numbers allow effective turbulent thermal
conductivity and viscosity coefficient to be found in
terms of the local flow parameters and heat release
when unsteady thermal and hydraulic problems {2-5]
are solved. The present part is also aimed at explaining
the physical nature of deviations of numerical values
of unsteady transfer coefficients from their quasi-ste-
ady values. These deviations are attributed both to
the disturbance of the balance among the energy sup-

plied to the turbulent flow, turbulent diffusion and
turbulence energy dissipation in unsteady thermal and
hydraulic processes and, hence, to the time variation
of the turbulent flow structure.

2. TEMPERATURE FIELDS WITH HEAT CARRIER
FLOWRATE VARIATION

As already mentioned, the values of the effective
turbulent diffusion coefficients were determined for
each time moment by comparing the experimental and
predicted heat carrier temperatures at the outlet cross-
section of the tube bundle. In doing so, a definite value
of the coefficient K was ascribed to each experimental
point on the plot T = f{r/reuma.) according to the
theoretical curves T = f(K, #/founae) [2, 5] drawn on
this plot. Then, the quantity K was analysed stat-
istically and its mean value, corrected dispersion, and
confidence intervals were determined. This method
was used to determine the values of the unsteady
coefficient K., and its dependence on time for different
types of unsteadiness [2-5].

Figure 1 plots the experimental results on the heat
carrier temperature fields as time dependences of tem-
perature for the fixed flow points. These dependencies
are compared with the theoretical ones for the same
points provided that K, = K. As seen from Fig. 1,
the experimentally measured temperature at a sharp
time increase of heat carrier flowrate at N = const lies
above the predicted one at K, = K,,. This points to
the decrease in the mixing intensity of heat carrier at
the first time moments. This effect can be explained
by the decrease of the turbulence intensity in the time-
dependent accelerating flow, which is also charac-
teristic of the accelerating spatial flow with the adverse
velocity gradient in the flow direction.
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NOMENCLATURE
a thermal diffusivity u velocity
¢ heat capacity x longitudinal coordinate.
d maximum size of the tube oval
deq equivalent diameter Greek symbols
dyunaie bundle diameter, dounae = 2Fpumgre £ bundle porosity with respect to heat
F cross-sectional area of the tubes carrier
of a bundle K relative mixing coefficient of heat
F; cross-sectional area of the tube carrier
bundle occupied by heat A thermal conductivity
carrier Agr  effective turbulent thermal
Fo Fourier number conductivity
Fry,  modified Froude number u dynamic viscosity coefficient
G mass flowrate of heat carrier veg  effective turbulent viscosity coefficient
G, mass flowrate of heat carrier before P density
disturbing T time.
G, mass flowrate of heat carrier after
making disturbances Subscripts
K dimensionless effective turbulent b bulk
diffusion coefficient f fluid
/ length m mean
N heat load M modified
r radial coordinate max maximum
Founae  Tadius of the tube bundle min  minimum
Re Reynolds number r at p = const
s twisting pitch of tubes qs quasi-steady
t period of oscillations ] solid phase
T temperature un unsteady.

The unsteady flow structure is also affected by the
thermal inertia of tubes when cooled with a finite
velocity resulting in additional heat release into the
flow in the case of the heat carrier flowrate increase
and N = const. A change of the unsteady effective
turbulent diffusion coefficient K, to its quasi-steady
value K occurring for ~10-12 s ceases after the
measured and predicted temperatures at K, = K,
have coincided (Fig. 1).

As the heat carrier flowrate sharply decreases with
time and the heat load is constant (N = const), the
measured heat carrier temperature at the fixed points
of the flow core lies below the predicted one at K = K
(Fig. 1). This is indicative of heat transfer enhance-
ment in the helical tube bundle, as compared to the
predicted value K = K. This enhancement is attribu-
table to the growth of the turbulence intensity in the
time-dependent decelerating flow. The same effect is
also seen in the flow with the favorable velocity gradi-
ent. The turbulence structure is also affected by the
thermal inertia of tubes and by the inertia forces due
to flow swirling responsible for the nonuniformity of
volume force fields and the additional turbulization
or the reduction of the turbulence level. As the flow
decelerates with time, this effect also manifests itself
in increasing the time of changing the unsteady

coefficient K, to its quasi-steady value K ; when the
Fry number decreases (Fig. 1).

When the heat carrier flowrate periodically varies
with time and N = const, at the first time moments
the initial conditions exert some influence on the time
variation of the temperature fields and the coeflicient
K. This variation is expressed in a more strong devi-
ation of these parameters from their quasi-steady
values as against those in the regular regime when
the variations of the temperature and the coefficient
k = K,,/K take the features of harmonic oscillations
(Fig. 2) with the period ¢ equal to that of flowrate
fluctuations. In this case, the temperature minimum is
shifted along the time axis by 0.25 ¢ with respect to
the flowrate maximum. This is caused by the thermal
inertia of tubes (Fig. 2), and the relative mixing
coefficient k undergoes periodic changes in back phase
to the heat carrier flowrate.

The periodic change of the coefficient K, (), by its
nature, is similar to the changes of this coefficient
when the flow accelerates and decelerates with time as
the flowrate varies sharply [3]. However, because of
the mutual influence of these processes in the periodic
change of flowrate, the amplitude variation of the
coefficient x is smaller than in the case of the same
ratio Goax/Gumin (OF Goin/Gmax) When the flowrate varies
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Fig. 1. Time variation. of the experimental temperatures at
different flow points and their comparison with the predicted
ones in the quasi-steady approximation. (1, 2) calculation at
N =159 kW; Fry =220; G,/G; = 1.71 and K = 0.07 for
r/Pounae = 0.073 and 0.264, respectively ; (3, 4) calculation at
N =17 kW, Fry =220, G,/G, =0.611 and K, = 0.07 for
?/rounaie = 0.073 and 264, respectively; (5, 6) calculation
at N=7.5 kW; Fry = 57; G,/G, = 0.605 and K, =0.09
#/Founaie = 0.073 and 0.407, respectively ; (7, 8) experiment at
N =59kW; Fry = 220and G,/G, = 1.71; (9, 10) experiment
at N =7kW; Fry = 220 and G,/G, = 0.611; (11, 12) exper-
iment at N = 7.5 kW ; Fry = 57 and G,/G, = 0.605.

sharply. As shown below, this variation of the
coefficient « is the smaller, the larger the frequency
(the smaller 7) and the smaller the fluctuation ampli-
tude of the flowrate.

Figure 3 plots the results on transient processes in
the helical tube bundle with simultaneous time vari-
ations of power and flowrate of heat carrier [4] as
temperature dependences of heat carrier and tube wall
at a given point of the flow core. The experimental
temperatures are compared with the results of numeri-
cal computation of the system of the equations [1]
with the dimensionless effective turbulent diffusion
coefficient K, = K,,. A good coincidence of the exper-
imental and predicted temperatures in this case is
explained by the opposite influence both of the flow
acceleration at ¥ = const when K,, < K, and of the
heat load growth at G = const when K, > K, on the
unsteady flow structure [2-5]. It may be assumed that
when the heat load and flowrate increase sim-
ultaneously the equilibrium turbulence structure
occurs during the entire transient process. The same
situation is also seen when the heat load and heat
carrier flowrate decrease simultaneously and the tem-
perature and velocity profiles are invariable during
the entire process (Fig. 3). In this case, when the
flow decelerates in time and N = const the coefficient
K. > K and when the heat load decreases and
G = const the coefficient K,,, < K, [2-5], i.e. when N
and G decrease simultaneously these effects com-

pensate each other and K, = K. This is illustrated
by Fig. 3.

3. GENERALIZATION AND ANALYSIS OF THE
EXPERIMENTAL DATA

As already noted, the comparison of the measured
and predicted temperature fields of heat carrier
allowed the coefficients K, as well as the coefficients
Aer and vz to be determined for different types of
unsteadiness. These coefficients are used to approxi-
mately close the system of the equations [1]. For the
generalizing relations suitable for calculation of the
dimensionless coefficient K, to be obtained, the simi-
larity and dimensionality theories were adopted. As a
result, the following determining similarity numbers
[2-5] were found :
the modified Froude number

Fry = §?/dd,, I

characterizing the influence of swirling the flow on its
transport properties ;
the Fourier number

Foy =% ®
CpPo@bundle
characterizing a relationship among the rate of vary-
ing the temperature of heat carrier, its physical proper-
ties and sizes of the flow region;
the Reynolds number

Re = U eg P
U

3)
that slightly affects the coefficient K for Re < 10* [2].

For Re = 10* the coefficient X is self-similar with
respect to the Reynolds numbers [2]. The influence
of the variation of the heat carrier flowrate on the
coefficient K, was conveniently taken into account by
the dimensionless parameter G,/G, representing the
ratio of the heat carrier flowrate after making dis-
turbances (G») to the initial flowrate (G,) [4, 5]. The
coefficient K is also affected by the tube bundle
porosity with respect to heat carrier ¢ = Fi/Fy [2]
where Fy = F;+ F. In this case, the criterial equation
for determination of the unsteady coefficient K, is of
the form:

Kun = K(FVM,FOb,Re,Gz/Gl,S). (4)

To calculate the quasi-steady coefficient K, we
have the following functional relation [2]:

Ky = K(Fry, Re,¢). )

In generalizing the experimental data on unsteady
mixing of heat carrier, the action of the factors that
equally affect the coefficients K, and K, may be
excluded by introducing the relative mixing coefficient

K= Kun / qu (6)
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Fig. 2. Influence of the periodic time variation of heat carrier flowrate on the flow transport properties at

N=T71kW, Gps/Grin = 1.625and at t = 20 s (@) and at N = 7.7 kW, G;1/Gprax = 0.62 and = 20 5 (b):

(1) time variation of flowrate; (2—4) time variation of temperature for r/ryq. = 0.073, 0.193 and 0.334,
respectively ; (5) time variation of the relative coefficient k = K,,/K.

into consideration. This coefficient takes into account
only the effects associated with the analyzed type of
unsteadiness.

When the flow accelerates in time at N = const the
coefficient x depends on the Fo, number and the
flowrate ratio G,/G, (Fig. 4). In this case, the exper-
imental data over the range of the flow parameters:
G,/G, = 1.62-1.77, Re = 7-10°-1.2-10* and Fry =
57-220 are well generalized by the relations:

at Fo, = 0-4.5-10"*

k =1-1.1364+10°Fo, )
at Fo, = 4.5-107%—4.5-10"2
G 38
Kk = 4.04F0" + [0.99—4.12<G—2 - 1) ] ®)
1
wheren = 1.852—0.927(G,/G,). ©

The proposed relations take into account the infiu-
ence of these numbers responsible for the transfer
process with a given type of unsteadiness in an explicit
form and thus differ beneficially from the dependence
considered in [5] :

K= AFop+C (10)
where A, C and » are the function of the flowrate
ratio G,/G,. At the same time relations (8) and (10)
correlate well (Figs 4 and 5).

As seen from Fig. 4, the coefficient x decreases shar-
ply at the first time moments. The time, for which the
coefficient k decreases sharply, is practically equal to
that, for which the flowrate achieves a new regime
(approximately 1 s). Such a change of the heat and
momentum transfer coefficients can be first explained
by the decrease of the turbulence intensity in the time-
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Fig. 3. Time variation of heat carrier and solid phase temperatures with simultaneous variation of heat

power and flowrate at the point with the coordinates x/I = 0.95, r/ryua. = 0.073. (1, 5) power variation;

(2, 6) variation of heat carrier flowrate; (3, 4) predicted temperatures of the solid phase (T,) and heat

carrier (7)) with simultaneous increase of N and G; (7, 8) the same with simultaneous decrease of N and

G; (9, 10) experimentally measured temperatures T, and T as N and G increase; (11, 12) the same as N
and G decrease.

dependent accelerating flow. The coefficient x then
increases, gradually approaching ¥ = 1, while the time
of this transition at G, = const (t) is approximately
on the order of magnitude larger than that of the heat
carrier flowrate achieving a new regime. After the
flowrate G, has been set in, such a time variation of
the coefficient k can be affected mainly by the thermal
inertia of the tubes when cooled, since the recon-
struction of temperature fields, as well as the variation
of temperature pulsations and thermal properties, and
their correlations with velocity pulsations under the
inertia forces due to flow swirling, will change the
turbulence structure. The observed variability of the
mean value of the density will be the cause of volume
deformation of turbulent vorticies and will affect the
turbulence characteristics. The coefficient K, achieves
its quasi-steady value far earlier than the heat carrier
temperature attains its new steady value. This means
that the temperature fields in helical tube bundles
become similar in time, starting with x =1 (i.e. the

shape of the temperature profiles becomes invariable
in time).

Relations (8) and (10) show that the flow swirling
does not affect the coefficient «, i.e. the Fry, number
equally affects the unsteady (K,,) and quasi-steady
(K,s) transfer coefficients when the heat carrier flowr-
ate increases at N = const. The larger the ratio G,/G,,
the greater is the deviation of K, from K.

When the heat carrier flowrate decreases at
N = const, the flow swirling exerts a more profound
influence on the unsteady mixing mechanisms (Figs.
6 and 7) than in the case of time acceleration of the
flow. In this case, as the swirling intensity grows (as
the Fry number decreases), the time for which the
coefficient K, attains its quasi-steady value, increases.
This can be explained by the fact that the unsteady
flow structure is influenced by the additional action
of the inertia forces due to the swirling intensity
increase with decrease in the Fry, number. Therefore,
for this type of unsteadiness the generalizing relations



658 B. V. DZYUBENKO et al.

o
[ ]
£%4
als
ol16
+17
| | ! | 1
0'20 0.2 0.4 0.6 0.8 1.0
Foy, x 102

Fig. 4. Influence of time-dependent acceleration of the flow on its transport properties at different deter-

mining parameters. (1) relation (7) ; (2-6) relation (8) for the flowrate ratio G,/G, = 1.62, 1.68, 1.71, 1.73

and 1.77, respectively ; (7-11) relation (10) for G,/G, = 1.62, 1.68, 1.71, 1.73 and 1.77; (12, 13) experiment

for Fry = 57 and G,/G, = 1.62 and 1.77, respectively ; (14-17) the same for Fry = 220 and G,/G, = 1.68,
1.71, 1.73 and 1.77, respectively.
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Fig. 5. Comparison of different generalizing relations for

calculation of unsteady effective turbulent diffusion

coefficient at flow acceleration. (1-5) relation (8) at

Fo, = 5-107%, 1073, 2:10~%, 4-107% and 6-10~3, respectively ;

(6-9) relation (10) for Fo, = 1072,2:1073 410~ % and 6:1073,
respectively.

were derived separately for each of the investigated
helical tube bundles with Fry = 57 and 220 [5]. For
the tube bundle with Fry, = 57 the relation is of the
form:

K = (2.57 Foy **47 —2.11)

G —11.94
x [2.95~ 10*4(G—2> +0.993]. 11
1

Formula (11) is valid at Fo, = 0.514-107>~1.4-10~2
and G,/G, = 0.605-0.765. For the tube bundle with
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Fig. 6. Influence of time-dependent deceleration of the flow
on its transport properties at different determining par-
ameters (1-3) experiment at Fry = 57 and G,/G, = 0.665 and
0.765, respectively; (4-6) experiment at Fry =220 and
G,/G, = 0.579, 0.594 and 0.611, respectively; (7-9) relation
(11) at Fry = 57 and G,/G, = 0.605, 0.665 and 0.765; (10—
12) relation (12) at Fry = 220 and G,/G, = 0.579, 0.594 and
0.611; (13) relation (13).

Fryy =220 the coefficient « is determined by the
relation :

1

—0.818
k = (0.398 Fo; *'%° +-0.13) {0.645 (%) + 0.04:'

(12)

valid at Fo, = 0.514-107°-0.9-107%, G,/G, = 0.579~
0.611. A sharp increase of the coefficient « at the first
time moments at Fo, = 0-0.514- 1073, G,/G, = 0.579~
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Fig. 7. Generalizing relations for flow deceleration. (1-3) experiment at Fry, = 57 and G,/G, = 0.605, 0.665
and 0.765; (4-6) experiment at Fry = 220 and G,/G, = 0.579, 0.594 and 0.611; (7) relation (13); (8)
relation (11); (9) relation (12).

0.765 for the tube bundles with Fry, = 57 and 220 is
governed by the same relation

j— GZ —11.94
K =(1+927 Fo,) L2.95 104 (G—) +0.993).

1

13)

Along with relations (11) and (12) for calculation
of the coefficient #, the formulas can be proposed,
which are similar in structure to relation (8) and are
of the following form for the tube bundles Fry = 57
and 220, respectively:

G
K = 2.5TFoy00°C:/00 =009 _ [1.488 +0.8125 (G—2>]

1

(14)

1

K= 0.391 Fop ! 730/00 70278 4 {1.085— 1.56(%)].

(15)

Formulas (14) and (15) adequately describe the exper-
imental data on the coefficient x and allow it to be
plotted as a function of Fourier number and flowrate
ratio in a more simple form (Figs. 8-11).

As already noted, a sharp increase of the coefficient
x at the first time moments can be explained mainly
by the growth of the turbulence intensity in the time-
dependent decelerating flow. The time, for which the
coefficient « reaches its maximum value, corresponds
to that, for which the flowrate attains its now steady
value of G,. In what follows, the coefficient x tends to
unity (the coefficient K, approaches K). The
behavior of the coefficient K, at G, = const is mainly
influenced by the thermal inertia of the tubes when
heated, which causes heat carrier temperature fields

to reconstruct the mean density of heat carrier to vary
with time. When acted on by the inertia forces, this
reduces the turbulence intensity and compensates its
initial growth due to flow deceleration with time. The
coefficient K, attains its quasi-steady value far earlier
before a new temperature regime of the tube bundle
has been set in. Starting with the moment cor-
responding to the time, for which the coefficient K,
reaches its quasi-steady value (K,, = K,,), the tem-
perature fields in helical tube bundles become similar
in time.

When the heat carrier flowrate varies periodically
the unsteady coefficient K., varies approximately with
the same rate as the flowrate does. However, the oscil-
lation amplitude of the quantity x = K,,/K,, at the
first time moments is larger than that of k, while

] 0.2 04 0.6 0.8 1.0 1.2
Foy, x 102

Fig. 8. Comparison of the experimental data on time decel-

eration of the flow at Fry = 57 with relation (14). (1-3)

experiment at G,/G, = 0.605, 0.665 and 0.765; (4-9) cal-

culation by formula (14) at G,/G, = 0.5, 0.605, 0.665, 0.765,
0.8 and 0.9, respectively ; (10) relation (13).
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Fig. 9. Coeflicient k vs flowrate ratio G,/G, for Fry = 57. (1-
8) calculation by formula (14) at Fo, = 103, 2-107%, 41073,
6-1073 8-107%, 102 1.2-1072 and 1.4-1072, respectively.
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Fig. 10. Comparison of the experimental data on time decel-
eration of the flow at Fry = 220 with relation (15). (1-3)
experiment at G,/G, = 0.579, 0.594 and 0.611, respectively;
(4-10) calculation by formula (15) at G,/G, = 0.5, 0.55,
0.579, 0.594, 0.611, 0.65 and 0.7, respectively; (11) relation

(13).
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Fig. 11. Coefficient x vs flowrate ratio G,/G, for Fry = 220.
(1-7) calculation by formula (15) at Fo, = 5-107% 1073,
2-107%,3-1073,4:1073, 6-10~* and 8-1073, respectively.
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reaching the regular regime (Fig. 2) when the oscil-
lation amplitude of the flowrate is kept invariable
during the entire process. In passing from the steady-
state operating conditions of the helical tube bundle
to those involving a periodic variation of the flowrate
due to the influence of the initial conditions at the
initial time moments, the temperature and the
coefficient x vary in the same manner as in the case of
a sharp flowrate variation. This influence of the initial
conditions is seen for 1.5-2 oscillation periods. In this
case, for the equal values of the ratios G,/G,, when
the flowrate varies periodically, a maximum deviation
of k from unity is approximately by 25% less than in
the case of a sharp variation of flowrate. In reaching
a regular oscillation regime the amplitude of the quan-
tity x is approximately two times smaller than in the
case of a sharp variation of flowrate. This behavior of
k evidences that it is affected by the main charac-
teristics of the periodic time variation of flowrate:
amplitude and period (frequency) of oscillations.

The conducted investigations have shown that when
the flowrate ratios G,,,,/Gmin = const and the oscil-
lation frequencies increase (the period ¢ decreases), the
oscillation amplitudes of the heat carrier temperature
and, hence, of the coefficient x decrease. So, for the
flowrate variation periods ¢ =70, 50, 20 and 12.5 s
the temperature amplitude constituted +17, £13, +6
and +3°C within the regular oscillation regime, i.e.
increasing the flowrate oscillation frequency at a con-
stant amplitude smooths the time variation of tem-
perature and, hence, of x. For the oscillation periods
(t < 4 s) the influence of this type of unsteadiness on
heat carrier temperature fields can be ignored.

The value of the amplitude of sinusoidal flowrate
oscillations with time also much affects the coefficient
k. So, for the flowrate oscillation amplitude over the
range AG/G,, = +0.25-10.35 the coeflicient k varies
within 0.8-1.2 at AG/G,, = +0.15-0.25, k = 0.9-1.1
and at AG/G,, < +0.15k & 1, i.e. the influence of this
type of unsteadiness can be neglected.

4. CONCLUSIONS

(1) A method of closing a system of equations for
flow and heat transfer in complex-geometry channels
is developed and is based both on the hypothesis for
similarity of transfer processes and on the math-
ematical formalism to solving the unsteady ther-
mohydraulic problem.

(2) The established new mechanisms of unsteady
mixing of heat carrier, when the heat carrier flowrate
decreases and increases and varies periodically with
time, can be utilized for calculation of effective tur-
bulent thermal conductivity and viscosity coefficient
in complex-geometry channels with flow swirling.

(3) The revealed effects influencing heat transfer
with time variation of heat carrier flowrate allow one
to explain the physical nature of transfer processes
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which are governed by the established relations for
different types of unsteadiness.
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