EXPERIMENTAL STUDY OF UNSTEADY HEAT TRANSFER FROM A GAS-
SUSPENSION FLOW IN THE INITIAL SECTION OF A CYLINDRICAL
CHANNEL

A. V. Fafurin and K. R. Shangareev UDC 536.24

Data are presented from experimental studies of unsteady heat transfer from a gas-
suspension flow in a short cylindrical channel with an increase in the thermal
load over time.

One feature of power—plant construction ig the presence of axisymmetric channels enclosing
a flow of heat-transfer agent. The gas flow here may contain solid particles which are not
in dynamic or thermal equilibrium with the carrier phase. The concentration of particles in -
the flow may vary broadly. It was shown in [1l, 2] that dispersion flows with a volume concen-
tration of particles B, where
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and ranges from O to 3¢1072, may be combined under the general term of gas suspension, and
all of the laws governing these flows may be developed from common positions.

Units with short service periods, from fractions of a second to several minutes, are
characterized by periods of increase, constancy, and decrease of the temperature of the heat~
transfer agent, which corresponds to an increase, maintenance, and decrease of the thermal
load. It is necessary to be able to reliably determine the heat-transfer coefficient under
such conditioms.

This article studies unsteady heat transfer from a gas-suspension flow in the initial sec-
tion of a cylindrical channel, with an increase in thermal load., This situation corresponds
to the time interval beginning with startup of the unit and ending with the beginning of its
steady-state operation with respect to the temperature of the heat-transfer agent, The trans-
ient thermal conditions in the case we are studying are due to variations in the temperature
of the heat-transfer agent and channel wall over time, \

A constant increase in the temperature of the gas leads in turn to an additional increase
in the temperature of the solid phase. The complexity of both the physical aspects of the
flow and the mathematical aspects stems from the mutual effect of the phases on the thermal,
thermodynamic, and kinematic characteristics of the system, This effect makes the system non-
linear. 1In fact, the particle velocity deficit Aw = wo — wgis greater at the channel inlet
than at the outlet. This means that the number Nug — the coefficient of heat transfer from
the particles to the gas — will be higher at the beginning of the path of motion. This fol-
lows, in particular, from Drake's formula [2]:

Nu, = 2 + 0.459Re’ " Pr’-**;  Re — _EMO_E—“LE— . 2)
The number Re decreases going away from the inlet, as does the number Nug. Other conditions
being equal, this leads to a greater difference between the temperatures of the particles and
the gas.

The presence of the gas temperature derivative has a complicated effect on particle sub-
heating, An analysis done for the case dTﬁ/dt = const shows that a positive value of the gas
temperature derivative over time corresponds to greater subheating of the particles. The
latter, located in the channel for a finite period of time, pass through several levels of
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Fig. 1. Change in particle temperature over time
(calculated from Eq. (6): Ao = 33.5¢107° W/mK; cg =
0.916 kJ/kgR; a) Alz0s, pg = 2700 kg/m®; b) talc,
pg = 500 kg/m®); 1, 1") d =60 ym; 2, 2') 45; 3, 3")
30, t, sec. .

gas temperature. All this further complicates the conditions of heat transfer, both from the
gas to the particles and from the two-phase flow to the surface traversed by the flow.

The temperature deficit between the particles and gas ¥ can be found by solving the heat-
transfer equation for the solid phase. For this, ignoring radiative energy transfer, we write
the heat balance equation for the particles in the form

aTy 6o,
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The solution of this equation may be represented as (dTﬁ/dt = 0)
qsds 6N, At )
Tty = T —=ll—exp|— ———]|!|. (4)
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It was considered in (4) that
gs = s (To— Ty). (5)
After some simple transformations of Eq. (4), we find that
A\
T, T, ds psCs

Equation (6) permits calculation of the subheating of the particles with their passage
along the gas channel. Figure 1 shows calculations performed for aluminum particles 30, 45,
and 60 um in diameter and talc particles of the same size under the experimental conditions
described above. It is apparent that the subheating depends significantly on particle size
and density. An increase in these parameters is accompanied by an increase in subheating and
leads to a change in the heat-transfer coefficient.

With an increase in thermal load, when the derivative of the gas—~flow temperature over
time is nontrivial, the solution of Eq. (3) has the form
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which reduces to forms (4) or (6) when dTﬁ/dt = 0.

We will assume constant dT/dt to evaluate the effect of the gas-temperature derivative
on particle subheating. In this case, the integral of Eq. (7) can be represented as

To— Tt ] 6N U, Aot d2 pscst drs
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Comparing Eqs. (6) and (8), we conclude that the temperature deficit ¥ is higher with an
increase in thermal load (dT%/dt > 0) — and lower with a decrease in same (dTﬁ/dt < Q) — than
under steady-state conditions. This in turn leads to a relatively large deviation in the
heat-transfer coefficient from its value under standard conditions. The second term of the
right side of Eq. (8) is interesting in that it is proportional to the square of the diameter

4= (8
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of the particles. Obviously, its decrease will be accompanied by a decrease in the inertial
properties of the particles and a drop in the particle temperature deficit. The heat-trans-
fer coefficient is higher in unsteady two-phase flows than in steady two-phase flows.

An experimental study was made of unsteady heat transfer in a gas-suspension flow in a
closed wind tunnel with a plasma-heated working fluid [3]., The test section was a cylindrical
channel @45 mm and a length of 10 diameters. Chromel-Alumel thermocouples with time con-
stants no greater than 0.008 sec were installed on the 0.l-mm-thick outer surface of the tube
at seven stations. Gas temperature was measured with a Chromel-Alumel thermocouple with a
hot-junction diameter of 0,04 mm., Air flow rate was varied from 0.028 to 0.l kg/sec and was
held constant in each regime.

The solid phase used was alumina, with a particle diameter of 30 um. Its consumption in
all of the tests was a constant 0.0065 kg/sec. The particles were delivered by a nozzle in-
stalled in the prechamber 180 mm from the test-section imlet, the nozzle operating in conjunc-~
tion with a disk feeder. The volume concentration of particles B did not exceed 5¢107%, The
velocity and temperature of the particles lagged behind the velocity and temperature of the
gas flow at the test-section inlet.

The test data was analyzed by the method of local modeling [3]. As in the case of single-
phase flows, the parameter of thermal transience
Y Sy 1 A (he — Ny
St wnd—h)
over time decreased, becoming roughly constant somewhat earlier than the gas temperature Ts
did (Fig. 2). The enthalpy factor Yy, decreased initially due to the rapid increase in gas
temperature. This behavior lasted almost until the beginning of steady flow. The enthalpy
factor then continuously increased, approaching unity.

(9)

Theoretical analysis shows that the sign of the thermal transience parameter determines
whether the heat-transfer coefficient will deviate in the positive or negative direction rela-
tive to its steady-state value. In turn, the sign of zy will depend on the sign of the deriva-
tive [l/(Tt —-TW)][d(T§ — T,)/dt]. Figure 2 shows the change in this quantity over time.
Initially, the substantial change in T¥ produces a substantial change in (I/AT)s(dAT/dt), with
its absolute value decreasing. The derivative changes sign as the moment corresponding to T, =
const is approached., However, the decrease in the derivative on the time section Tf = const
is insignificant and generally corresponds to evolution of the enthalpy factor.

The transience parameter 2z, is more conservative over time (experimental values of zp and

St are shown for the fifth station of the test section). This is because the heat-transfer
coefficient St nearly repeats the evolution of the derivative (1/AT) (dAT/dt) and, since we
have the following relation

;oL L dAT

St AT @ (10)
it is understood that a higher value of (1/AT)+(dAT/dt) corresponds to a higher value of heat-
transfer coefficient,

The thermal transience parameter increases along the channel for a fixed moment of time
despite a certain decrease in the enthalpy of the gas at the core of the flow and at the wall.
The latter is connected with a decrease in the Stanton number and the enthalpy factor in the
longitudinal coordinate function. This development is also associated with an increase in
the thickness of the boundary layer. Such a pattern of change in zy results in thermal tran-
sience having a greater effect on heat transfer.

Theoretical and experimental values of the heat-transfer coefficient in the transience
parameter function were compared in [4]. Their satisfatory agreement was established. The
effect of zp when positive reaches 60% (up to zy = 10) but is no greater than 20% when nega-
tive (down to zp = —10).

Figure 3 shows data on heat transfer when th/dt > 0 in the coordinates St = f(Reﬁ*).
As might be expected, the test data is located above the standard relation. This is indica-
tive of the intensity of the heat transfer as a result of the effect of the factors of
transience VY., nonisothermality Yy, and biphasality Y¢y,, representing the ratio of the heat-
transfer coefficient under the conditions being examined and standard conditions. The theo-
retical values of these functions were determined as follows.
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Fig. 2. Change in basic parameters of the flow (experi-
ment): 1) Tt; 2, 3, 4) Ty, (for x/D = 0.5; 4.5; 7.5
respectively); 5) Stj 6) (3 7) (1/AT)(dAT/dt); 8) zp.
Ts, Ty» K.

In accordance with [5], the nonisothermality is equal to
41—V,

| Ua(l—82 VT, ¥ubn)

The heat~transfer law for these conditions can be realized numerically if the heat-flux dis-~

tribution across the boundary layer is known. We will represent these heat fluxes in the
form [6]

Y= 1+ (11)

1 i e

C t 5_ T dg,
V 2 SVP o / Go T uE, 12)
o 3ih
— o - - L= g Go__ . (13)
o e << 0 =14q¢,6—04+g)8; d= —
T (agh )ah»o q G &n— (1 4 q.) & [+ 7
9,>0; g=1-4g.5 (20,38 +C+a)E, (14)

where the heat~flux derivative is counnected with the effect parameters by the expression
(_6_5_ | . I — Yr, qsah . 511 g (hg - hw)
0%, } £h0 P Jw St wopp (b5 — Faw) ot

The parameter of thermal biphasality (the first term on the right side of (15)) includes
the quantity qg, representing the amount of heat absorbed or released by the solid particles
during theilr passage along the channel:

qs = 1S (T's— T). (16)

(15)

Representing the parameter of the two-phase nature of the heat by fgh, and taking into ac-
count (16), from (15) we obtain

asahnss (Ts_ TO) 1 _‘Ph . (17)

Gw Yn
If the volume concentration of particles is B, their number per unit volume is n, and
the volume and surface area of one particle are V and Sg, respectively, then the mass concen-

tration of the particles Gg/Go equals

fen =

G, W,
G, Po Wy
For spherical particles, we have the equality
s= 58 19)
ds

Solving (17)-(19) simultaneously, we find
f = Gs PosWo 68has (Ts — To) (1 - ‘ph)
sh — T3

(20
Gy psws Frods Py )
Noting that Nug = asds/ko, Nu = StPrRe, from (20) we obtain
ish - - _%__ Py 662}11) N‘us (Is___ 1)] , — P << 1; (21)
+ Gﬂ PsWs ds lPhNu T() +1|’h>1
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Fig. 3. Coefficient of heat transfer from gas-sus-—
pension flow: (a — St; b — St/¥u; ¢ — St/¥p¥zn¥ehs
t,= 0.01-0.12 sec; Gy = 0.042 kg/sec; Gg/Gy = 0.154;
T, = 300-800°K): 1) calculation with Eq. (22); 2)
calculation for laminar and transitional regimes [8].

It is known that positive values of fgp correspond to the case where the heat-transfer
coefficient St is less than its standard analog and that the opposite case prevails with nega-
tive fop.

sh

It follows from (21) that if the heat flux is directed from the wall to the gas (Y > 1,
Tg/To < 1), then the parameter fgh will be negative and (St/Sto)pe®™ > 1. Reversal of the
direction of heat flow results in a complex pattern, the qualitative dnd quantitative aspects
of which depend to a large degree on the thermal state of the particles at the channel inlet.

If the particles and gas are in thermal equilibrium at the inlet, i.e., if their temper-
atures are equal, then when Y < 1 the heat-transfer coefficient will always be greater, re-
gardless of the channel sectlion being studied. If the particles are cooler at the inlet, then
the heat-transfer coefficient on the section in which they are heated will be less than unity
((St/Sto)Reﬁ* < 1). The heat—transfer coefficient on the section where the temperature of
the particles is the same as the gas temperature will be equal to the single-phase analog of
the coefficient. As the hot particles travel into the zone where the gas 1s cooled, the heat-
transfer coefficient will increase. This increase, meanwhile, will be greater, the more the
ratio Tg/To differes from unity.

The quantitative effect of each of the above-noted factors is different with respect to
both time and position along the channel. Transience will initially make a large contribu-
tion, since the derivative of the gas temperature with respect to time will be large and the
temperature itself low. Gas temperature will increase with time, however, and the gas-temper-
ature gradient will decrease. The effect of the nonisothermality will thus increase. The
increase in gas temperature is. also accompanied by an increase in the subheating of the par-
ticles (given the same residence time in the channel), so the effect of biphasality on heat
transfer becomes more pronounced.

Kinematic integral and thermal characteristics of the system were calculated from transi-
ent boundary-layer equations closed by the corresponding expressions for the friction and
heat-transfer laws, the form parameter H (H = 8%/8%%), and the velocity and temperature
deficits. The initial parameters for the calculations were borrowed from experiments. It
was found that, for the conditions examined (dTg/dt > 0), the effect of biphasality on the
heat-transfer coefficient does not exceed 107 if the volume concentration of particles in
the flow is low (B ~ 5-107%).

Introduction of a function eccounting for nonisothermality into the heat-transfer law
makes it impossible to generalize empirical data relative to the standard relation, repre-
sented as

0,0128
Re:*0.25 Pr°'75
Analysis shows that thermal transience is a more important factor here then thermal biphasal-

ity, since for the conditions of the experiment, the first (¥zy) has a value of 1.35 and the
second (¥fp) has a value of 0.9,

Sty = (22)

Allowing for the above effects makes it possible to generalize the test data relative to
the standard relation (Fig. 3), with the heat-transfer law itself represented in the form

St = Sty ¥, ¥, ¥s5. (23)
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Fig. 4. Change in Reynolds number Reﬁ*, normalized
with respect to the analog Rei at the channel inlet,
and the heat-transfer coefficient St as a function

of the longitudinal coordinate (curves - cale. [6],
points — expt.): 1) dT%/dt = 0; dTy/dt = 230°K/sec;
To = 980°K; Gy = 0.1028 kg/sec; 2) dTT/dt = 13,500°K/
sec; dTy/dt = 230°K/sec; TF = 734°K; Gy = 0.1028 kg/
sec.

The deviation of the empirical data from the standard relation over the first two diam-
eters is due to the following causes., The installation of a diffuser ahead of the test sec-
tion ensures uniform velocity and temperature profiles at the section inlet., At the same time,
it results in the particles in the initial diameters being concentrated on the channel axis.
Thus, according to data obtained by the Institute of Theoretical and Applied Mechanics of the
Siberian Branch of the Soviet Academy of Sciences, a uniform concentration of particles is
achieved roughly in the second diameter. Together with this, it is known [7] that smooth
entry into the first two diameters is associated with laminar and transitional flow, which
leads to a decrease, followed by an increase, in wall temperature.

Figure 4 compares the results of calculations with transient energy and motion equations
[6] against test data on the Reynolds number Reﬁ* of the thermal boundary layer. It can be
noted that this parameter continuously increases along the test section, the increase being
more rapid, the greater the derivative th/dt.

The heat-transfer coefficient St is inversely proportional to the criterion Reﬁ*, with
a lower value of Reﬁ* corresponding to a higher Stanton number. However, the opposite pattern
is seen in Fig. 4. This is explained by the presence of additional perturbing effects —
transience and nonisothermality. In the first case, when th/dt = 0, the effect of transience
is of the order of 5%, and the effects of biphasality and nonisothermality are roughly 8% and
29%Z. In the second case, when at*/ae 4 0, the respective effects of nonisothermality, bi-
phasality, and transience are 23%, 10%, and 20~35%. This results in a higher heat-transfer
coefficient. It should be noted that the error of this coefficient is 17%.

Comparison of the calculated thermal characteristics of the flow with the experimental
values shows satisfactory agreement for both the number Reﬁ* and the heat-transfer coefficient.
All of the results are within the experimental error. The parameters characterizing bi-
phasality (B ~ 5410 “) do not have a substantial effect on the thermophysical characteristics
of the flow, but they do permit a conclusion to be made regarding the direction of the effect
of the solid phase on the relative heat-transfer coefficient. Thus, the effect of the dis-
perse phase on the heat-transfer coefficient needs to be considered when B = 3¢10~? and with
time derivatives of gas temperature up to 13,500°K/sec.

NOTATION

¢, specific heat; Cg, friction coefficient; dg, particle diameter; D, channel diameter;
G, mass flow rate; h, enthalpy; Pr, Prandtl number; Re, Reynolds number; Reﬁ*, Reynolds number
of thermal boundary layer; St, Stanton number; T, temperature; t, time; ¢, heat flux; V,
volume; w, veloeity; x, longitudinal coordinate; x = x/D, relative coordinate; a, heat-trans-
fer coefficient; p, density; u, absolute viscosity; A, thermal conductivity; &, boundarx;layer
thickness; yp, enthalpy factor; ¥, relative change in heat-transfer coefficient when Rep” =
idem. Indices: 0, carrier phase (gas); s, solid phase; *, conditions with stagnation param-
eters; h, thermal; z, transience; w, wall.
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EXPERIMENTAL STUDY OF HEAT TRANSFER IN LIQUID BOILING IN HIGH-
HEAT-CONDUCTIVITY CAPILLARY STRUCTURES

L. L. vasil'ev, S. V. Konev, UDC 536.423:536.248,2
P. Shtul'ts, and L. Khorvat

Results are presented from an experimental study of heat exchange in the boiling
of water in copper capillary structures at low saturation vapor pressures.

The current intensive study of boiling processes stems from their héﬁt—transfer coef-
ficients and high maximum (critical) heat fluxes. The principal method of intensifying heat
transfer is by using rough and capillary surfaces. For examgle, in the boiling of water on
vapotron surfaces [l], the maximum heat flux reached 107 W/m®. A value of 3¢107 W/m? was
achieved in heat removal on a capillary surface of the "inverted miniscus" type [2]. Among
the shortcomings here, however, are large temperature gradients (vapotron) and small total
heat flux (secomnd case).

The most promising method of intensifying heat transfer is arranging for boiling in a
capillary structure. The promise of this method owes to the achievement of high critical
heat fluxes with small temperature gradients. Development of the method is currently pro-
ceeding in three directions: 1) boiling in submerged capillary structures [3]; 2) boiling in
nonsubmerged capillary structures [4]; 3) boiling in a fluidized bed of dispersed particles
[5]. Analysis of these procedures indicates that boiling in nonsubmerged capillary struc-
tures — so~called thin-film evaporators — is the most promising. The boiling mechanism in
such evaporators depends significantly on the parameters of the capillary structure.

We investigated heat transfer in the boiling of water in nonsubmerged copper capillary
structures, which are most effective at low saturation vapor pressures.

In examining heat transfer in boiling in capillary structures, we do not find an un-
equivocal answer to the question of the effect of the parameters of the structures on heat
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