V. P. Gupalo, Inzh. -Fiz. Zh., 5, No, 2 (1962),
M. E, Deich, Engineering Gasdynamics [in Russian], Moscow—Leningrad (1961), pp. 79, 289.
Yu. I. Zinov'ev, Vestn. S.-Kh. Nauki, No. 11 (1959).
V. N. Korolev and N. I. Syromyatnikov, Tr, Ural'sk Politekh. Inst., No. 205, 133 (1972),
M. L. Liberman, A, A, Pikhlak, and Yu. A. Groshev, in: Papers from the Ceniral Informatics and
Economics Research Institute of the Coal Industry, No. 5. Dressing and Briquetting of Coal [in Rus-
sian] (1962). ) :
8. B. A, Michkovskii and A. P. Baskakov, in: Heat and Mass Transfer and the Nonequilibrium Thermody-
namics of Disperse Systems [in Russian], UPI, Sverdlovsk (1974).
9. N. L. Syromyatnikov and V. M. Kulikov, Inzh. -Fiz. Zh., 23, No. 6 (1972).
10. G. .P. Cherepanov, Zh. Prikl. Mekh. Tekh. Fiz., No. 6 {1966).
11, D, N. Allen, Quart. J. Mech. Appl. Math., 2, Pt, 1 (1949).
12, T. C. Daniels, J. Mech. Eng. Sci., 4, No. 2 (1962).
13. D. H. Glass and D, Harrison, Chem. Eng. Sci., 19, No. 12 (1964).
14, H, Reuter, Chem. -Ing. -Tech., 38, No. 8 (1966).

R

HYDRAULIC RESISTANCE AND HEAT TRANSFER IN A
PULSATING FLOW OF A GAS — SOLID MIXTURE

V. V. Mamaev, V. S. Nosov,
and N. I. Syromyatnikov UDC 536.244:532,582,7

It is shown that the heat-transfer coefficient can be increased by 30-35% if periodic fluctuations in
speed occur in an ascending gas—solid mixture.

Much importance has recently been attached [1] to pulsed pneumatic transport, in which there is a strictly
periodic air input into a pipeline. This provides similar speedsfor the carrying medium and bunches of ma-
terial, which provide for considerably improved range and performance.

On the other hand, forced velocity pulsation superimposed on a uniform flow may accelerate heat trans-
fer [2, 3], while colliding jets of suspensions and pulsations in ascending gas—solid flows at resonance may
accelerate heat transfer between phases [4].

Here we report measurements on velocity pulsations and heat transfer for gas—solid suspensions in
pipes.

The equipment has previously been described [5]; the velocity fluctuations were produced by periodically
altering the cross section of the pipe before or after the working section, which was a steel tube of internal
diameter 8 mm and length 800 mm. The pulsation frequency was in the range 1-12 Hz and was recorded by a
clock system (1 Hz) or by a siroboscopic tachometer (5 or 12 Hz). The amplitude of the pulsations in the flow
rate was estimated from the fluctuations in the stagnation pressure. The Reynolds number varied in the range
(2-8.2)  10%, while the corresponding gas speeds were 4.6-17.5 m/sec. The electrocorundum particles of diam-
eter 60 u were used at concentrations from 0 to 11 kg/kg. The value did not exceed 6 kg/kg at low gas speeds.

The time-averaged pressure difference over the working section was measured with a micromanometer.

The studies amounted to determining the empirical factor K applicable to the resistance due to the parti-
cles in the flow,

Ther definition of K is as follows [6]:
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TABLE 1, Experimental Values of the Coefficients K and Kp Cal-
culated from Eq. (1)

Flow mode f, Hz Re | wkg/kg | K | Kp

’ 1 j |
|
0 1000—5000 | 6,8—15,0 | 0.34.108. —
l .Re—243 i
Laminar 1;.5 | 20003800 | 2:5 11,0 — ‘1 18.103.Re—2-3
12 2000—3600 | 3,0—10,0 | — }1 ,44.108.Re™"3
0 5000—8000 | 1,0—15,0 ] 0,2 1 0,2
Turbulent 1;5 | 4000—8200 ; 3,0—9.0 - 3
12 | 3600—8000 | 3.0--9.0 |  — 0.2

APmix /AP — 1

o
h

K= 1)
which applies for pulsating and steady flows. The pressure difference APy ix was measured in the hydrody-
namic-stabilization section and corrected for energy loss due to particle lift, while AP, was calculated from
standard relations for clean air in smooth tubes. Table 1 gives the results. The laminar and turbulent modes
have substantially different values for the characteristics, which themselves determine the transport rates.
This effect is fairly clear, although not seen directly, and can serve to define the mode of flow; in that way
one can estimate the critical value of Re, e.g., from the Re dependence of Eu and Nu. Curves of Nu = f(Re)
type for the clean gas, and for the steady-state and pulsating suspension flows, allow one to determine the effects
of the particle concentration and pulsation frequency on the critical Re [5]. Table 1 shows that the range in Re
for laminar or turbulent flows varies somewhat with £,

There is an exponential fall in K down to the level of Re corresponding to onset of turbulence for f = 12
Hz and for f = 0, but thereafter there is very little velocity dependence. For instance, fora steady-state flow
(4= 15 kg/kg) and for a pulsating one (4= 3; {f = 12 Hz) the values of K fell in the first case from 1.4 to 0.2 as
the Reynolds number increased from 1000 to the critical value of 5000, while in the second case the fall to K =
0.2 occurred already at Re = 3600, with little further change in K, i.e., the forced oscillations have little ef-
fect at high speeds, and K can be taken from the usual formulas [6] to a first approximation.

Also, pulsations superimposed on a gas containing only a little material (u < 2 kg/kg) result in the K =
f(Re) curves splitting up in accordance with the solid content; in that case, K is larger by a factor of 2-3
than at higher contents, which is due to the more marked effect of the pulsations on the pressure difference at
low concentrations.

Figure 1 shows the changes in the relative pressure difference over the section in relation to particle
content for steady-state and pulsatingflows; inthe first case, APmix/APa increases with the concentration and is
dependent on the speed, being largest for the laminar state (curves IV). In the turbulent state (curves V and
VI), the relative drop is larger than that in the transition region (curve VII). A pulsating flow at low speeds
(Re = 2000, curve I) gives the loss in pressure as dependent only on the concentration, whereas the transi-
tional and turbulent modes show an effect from the pulsation frequency, since the loss increases with the latter.
Curve II corresponds to 12 Hz and curve III, to 1 and 5 Hz,

In the transition region, APp‘ mix/ APy is independent of the frequency and takes the values for steady-state
flows; the pulsations cause the relative pressure drop to be higher for Re = 2000 even for f = 12 Hz. At low
frequencies, the pressure difference is the same as that for the steady-state case within the error of measure-
ment. A relationship has been reported [5] between the critical Reynolds number and the sohd content, and it
has been found that the stability of a laminar steady-state flow is perturbed for Rearound10® and p < 4kg/ke;
any further increase in the concentration causes the critical Re to be above that for pure air. If pulsations
are imposed on a mixture p > 4, Recy shifts to higher values, i.e., the pulsations have the same effect as a
concentration increase. For instance, a pulsating flow with u= 5 kg/kg and f = 5 Hz gave Re,, = 3800, while
for f = 0 this value of Regpr was attained at u = 16 kg/kg.

Therefore, these pulsations suppress the turbulent small-scale velocity fluctuations, as do increased
particle concentrations, with the result that the laminar flow persists to higher speeds [8]. On the other hand, turbu-
lence sets inearlier at any concentration under our conditions atlow frequencies, e,g., at Re= 5000 (the eguivalent
for cleangas is takenas 10, Thereisatransition range Re=3800-5000, whichbecomes narrower athigh frequencies,
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Fig. 1. Dependence of pressure difference in pulsating
flow of mixture on particle concentration; f = 12

Hz: 1) Re = 2000; 2) 3400; 3) 5000; 4) 8000; f = 5 Hzz 5)
Re = 2000; 6) 3400; 7) 5000; 8) 8000; f = 1 Hz: 9) Re =
2000; 10) 3400; 11) -5000; 12) 8000. [V) Re = 8000; VI)
5000; VII) 3400].
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Fig. 2. Dependence of relative heat-transfer coefficient on flow speed
for f = 5 Hz: 1) ¢ = 3 kg/kg; 2) 5; 3) 8-10.

Fig, 3. Generalized dependence on heat transfer. Pulsating flow:
laminar mode — 1) f = 12 Hz; 2) 1 and 5 Hz; turbulent and transitional
modes — 3) f = 12 Hz; 4) 5; 5) 1. Steady-stateflow [5]: 6) laminarmode;
7) transitional; 8) turbulent.

andwhich at f= 12 Hz vanishes altogether, A qualitatively similar result (no transitional mode) was reported
in [8], where the laminar mode was replaced suddenly by the turbulent one at Re = 5000 for u = 25 kg/kg,

The effects of the forced oscillations on the heat transfer as a function of speed are shown in Fig. 2 for
f = 5 Hz; the heat-transfer rate tends to fall as the velocity increases up to about Re = 3800, and then it rises,
and the effects of the pulsations are the less, the larger the particle concentration. Relative heat-transfer
coefficients increase from 1.2 to 1.35 on raising the frequency from 1 to 12 Hz in the laminar mode with p = 5
kg/kg, which occurs because the pulsations in the gas phase play a larger part, and heat transfer for clean air
is maximal for f = 12 Hz, Conversely, developed turbulence causes Olp.mix/ O'mixtofallfrom 1,35 to 1.0, which
is clearly due to the dominant role of turbulent-pulsation transport. '
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TABLE 2. Values of Constants in Eq. (2)

|Pulsation
Flow mode frequency Re b kg/ kg ¢ n m
£ Hz

1 2000—3800 | 2,5—10,0 | 2,16.10¢ —1,22 | 0,363

Laminar 5 2000—3800 | 2,5—11,0 2,3-10¢ —1,22 0,292
12 2000—3600 | 0,8—10,0 19,5.10¢ -—1,50 0,350

1 . | 4000—8200 | 1,0—9,0 4,26 —0,20 0,401

Turbulent 5 4000--8200 | 1,2—9,0 5,71 —0,23 0,376
12 3600—807% | 0,7—9,0 25,3 —0,40 0,305

Contents above 8 kg/kg cause the heat-transfer rate to fall, and the relative heat-transfer coefficients
are less than 1 at the maximum frequency used in our experiments, The same results have been obtained for
clean air at f = 20 Hz [7]. Table 2 shows that the relevant heat-transfer coefficients are most markedly de-
pendent on the speed in the laminar mode, which results in a more marked fall than that occurring in the steady
state, where ap.mix/aa ~Re™%%®, The effects of Re on the heat transfer in a pulsating flow are similar for
horizontal transport with f= 0, where amix/ay ~ Re~120 [5], The effects of the concentrationon Qp, mix/ @a vary with
the frequency and speed only to small extents, namely, from 0.3 to 0.4, as Fig. 3 shows, which presents the
generalized experimental data. For comparison we give the approximating straight lines derived for a steady-
state ascending flow [5]. Figure 3 shows clearly the effects on the heat-transfer rate in various modes of
flow with superimposed periodic pulsation; in the turbulent mode (Re > 5000) the effects of speed and concen-
tration are only slight, whereas in the laminar case the velocity has a much more marked effect on the heat
transfer.

Least-squares fitting gave the following working formula with an error of less than 6%:

_Spamix _  Rerum, (2)
Oa
The values of ¢, n, and m are given in Table 2; the heat-transfer coefficient o3 was derived from the formulas
of [7].

These results on the hydrodynamics and heat transfer in pulsating motion in vertical tubes show that such
pulsations for u > 4 tend to suppress the laminar made and to reduce Re corresponding to onset of developed
turbulence for all u, which provides some explanation of observations on the pulsation processes in dispersed
flows. The effects of the speed on the heat transfer are substantially dependent on the mode of flow.

NOTATION
APpix  is the pressure drop with mixture in tube, N/m?;
APq is the pressure drop for pure air;
APp.mix is the pressure drop for pulsating flow of mixture;
Gi is the mass flow rate of particles, kg/h;
Gy is the mass flow rate of air;
U= Gt/Ga is the ratio of mass flow rates;
Re is the Reynolds number;
Reey is the critical Reynolds number;
f is the frequency of velocity pulsations, Hz;
ay is the heat-transfer coefficient in steady-state flow, W/m?.°C;
Qg is the heat-transfer coefficient for pure air;

O mix 18 the heat-transfer coefficient for pulsating flow of mixture;

K is the coefficient for resistance caused by particles.

Kp is the coefficient for pulsation-frequency effect and resistance due to the particles [Kp = (APp,miXi
APa-q)/ul.

LITERATURE CITED

1. A. V., Shvab, Author's Abstract of Candidate's Dissertation, Tomsk (1975).
2. G. G. Agadzhanyan, "Convective heat transfer in tubes with pulsating gas motion," in: Theory of Simi-
larity and Simulation [in Russian], Izd. Akad. Nauk SSSR (1951).

1287



w

A. L. Parnas,Inzh, -Fiz. Zh., 7, No. 10 (1964).

4, S. S. Zabrodskii, High-Temperature Equipments with Fluidized Beds {in Russian], Energiya, Moscow
(1971).

5., V. V. Mamaev, V. S. Nosov, and N. I. Syromyatnikov, Inzh, -Fiz. Zh., 31, No. 4 (1976).

6. Z. R. Gorbis, Heat Transfer and Hydromechanics of Dispersed Flows [in Russian], Energiya, Moscow
(1970). ,

T. V. V. Mamaev, V. S. Nosov, and N, I.- Syromyatnikov, Izv. Vyssh. Uchebny. Zaved., }:!:nergetika, No. 9
(1975).

8. V. S. Nosov, Tr. Ural'sk. Politekh, Inst. im. S. M. Kirova, No. 227, 61 (1974).

HOT-WIRE METHOD IN A NONSTATIONARY VARIATION

R. A. Mustafaev UDC 536.23:536.453

Starting from the solution of the thermal-conductivity equation, a nonstationary variation of the

"hot-wire" method is developed in the case of monotonic heating of a calorimetric system which
permits determination of the temperature dependence of the thermal conductivity of liquids in a

broad temperature range from one test.

The stationary "hot-wire" method is extensively used at this time to investigate the coefficient of thermal
conductivity of gases and liquids [1]. This method, as all stationary methods (plane layer, coaxial cylinders),
is distinctive in the long duration of the test, requires a complex apparatus, and does not permit determination
of the temperature dependence of the coefficient of thermal conductivity from one test. Using this method, the
experimenter should expect the buildup of a stationary state in a calorimetric system every time when mea-
suring the coefficient of thermal conductivity. Consequently, the determination of the coefficient of thermal
conductivity of one liquid in a broad temperature range takes several days at a minimum. Hence, several, prin-
cipally foreign, papers devoted to a nonstationary variation of the "hot-wire" method have recently appeared
[2-15]. The theory of the method in application to rarefied gases is elucidated in especial detail in [16]. The
"hot-wire" method differs from all other nonstationary methods in that the coefficient of thermal conductivity
is determined directly by this method, and not the coefficient of thermal diffusivity. However, it is not very
exact because of the difficulty of recording exactly the rapidly varying wire temperature during the measure-
ment. In this respect, the method mentioned in the relative variation in which the recording device acts as a
zero indicator [17] is of definite interest.

An attempt is made below to extend the "hot-wire®” method to the case of a monotonic change in the tem-
perature of a calorimetric system.

The design scheme of the method under consideration reduces to the following. A fine metal wire of
radius R (Fig. 1) is stretched coaxially in a bulky metal tube 1 of radius Rothrough a sealed electrical insulat-
ing plug 2. The liquid being investigated fills the gap between the wire 3 and the tube 1. A constant-power
electrical current passes through the wire during the entire test. In the stationary variation of the method, the
whole system (module) is strictly thermostated.

Let us assume that the whole system is surrounded by a heat-insulating shell which rises smoothly in
temperature under the effect of the external heater 4 in such a way that the temperature of the shell approxi-
mately equals the temperature of the module. In this case the heat flux of the inner heater 3 is expended com-
pletely in a slow rise in the temperature of the module and the liquid. The power W(T) of the Lenz—Joule heat
developed by the wire, the temperature drop #(7) in the layer under investigation, and the rate of temperature
rise b(r) of the system are measured in the test.

Azerbaidzhan Polytechnic Institute. Baku. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 31,
No. 5, pp. 821-825, November, 1976. Original article submitted October 28, 1975.

This material is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 1 0011. No part
electronic, mechanical, photocopying,

of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, i
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.

1288



