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HEAT TRANSFER OF A CONICAL TUBE WITH INTERNAL COOLING
BY A SWIRLING AIR JET

A. V. Sudarev, V. A. Maev, UDC 536.24:621.438:621.43.056
and M. V. Goryacheva

The results of an experimental investigation of local heat transfer during flow
of turbulent semibounded jets in a conical tube beyond an annular swirler in-
stalled at the inlet are presented.

In calculations of complex heat transfer in furnaces, in the nozzle apparatus of turbo-
machines, in ducts of variable cross section, etc., the problem arises of determining the
temperature level of conical elements cooled on the inside by an annular swirling air jet.
The few investigations of heat transfer and aerodynamics under conditions of a swirling mo-
tion of the coolant are devoted mainly to problems of the swirling flow in nozzles and dif-
fusers [1-6].

To obtain the necessary mathematical dependences for the local heat transfer of a swirl-
ing jet stream in a conical duct, investigations were carried out on the experimental device
shown in Fig. la. The main element of the test bench is a conical measuring section 1 with
cylindrical entry and exit pipes 2 and 3. An interchangeable vaned swirler 4 with fairing 5
is installed in the entry pipe. The air flows through the swirler along the inside surface
in the form of an annular swirling jet.  The design of the test bench permitted installing
cones with a different apex angle 2y (Table 1) and swirlers with a different angle of twist
@ and relative area of the hub B (Table 2). The swirlers were made in the form of annular
cascades with straight vanes and constant angle of twist along the radius, as was used in the
designs of the front devices of gas-turbine combustion chambers. The local heat-transfer
coefficients were measured by means of built-in miniature electrical alpha-calorimeters 6
which were mounted on insulation boards 7 installed in longitudinal grooves (along four
generatrices) of the cone flush with its inside surface. To prevent disturbances in the wall
boundary layer owing to possible roughness at the site of installing the boards and calorim-
eters, their inside surface was machined jointly with boring of the conical part of the meas-
uring section. The design of the calorimeter is shown in greater detail in Fig. 1b. The
calorimeter consists of a copper housing 8 made in one piece with a bottom and a copper cover
9, which form a closed unit, inside which are located a thermocouple assembly 10 (copper—
Copel) soldered to the bottom and an electrical heater 11. The thermocouple assembly and the
heat losses of the calorimeter were calibrated preliminarily (Fig. lc) and showed sufficient
stability for the technology of manufacture and assembly of the calorimeters that was used.
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Fig. 1. Diagram of experimental device: a) measuring sec-
tion; b) built-in alpha-calorimeter; c) calibration curves
of calorimeter: 1I) dependence of emf of thermocouple assem~
bly on temperature of measuring surface; II) heat losses
from external surfaces of calorimeter into ambient environ-
-ment; III) heat losses into the air flow in the tube (1'-5"
are the numbers of the calorimeters). E in mV; Qip and Qo
in W; t, (te — tg), and (te — tip) in °C.

TABLE 1. Geometric Parameters of Cones

Cone f 15 45 60
d, mm l 56 56 56
D, mm 207,2 207,2 207,0
loo, MM 287 76 43
2¢° 30 9 - 120

TABLE 2, Geometric Characteristics of Swirlers

Swi;ler 24-25 | 31-25 | 31-47 | 8172 | 44-25 | 44-47 | 4472 T66-25 | 66-47 | 66-72 | T4-25

D,, mm |55,75|56,0 |56,0 |56,0 |55,55}55,55]55,55! 56,0 | 56,0 |56,0°|55,65
D;p, mm |28,2 28,4 38,21 47,31)28,16|38,2147,31|28,3 |38,2] 47,31 {928,32

ny 43 18 18 118 i4 14 14 8 8 8 4

‘aef | 66°15") 53°00"| 59°007| 59°0" | 45°407| 45°25'! 45°20’| 24°00'| 24°00’ | 24°00'| 15°40”
¢ 23°45'| 31°007| 31°007] 31°007) 44°20'| 44°35'| 44°407| 66°007] 66°00'| 66°00'| 74°20"
ﬂo ) 0,25/ 0,25 0,47 0,72] 0,25| 0,47} .0,72! 0,25! 0,47} 0,72 0,25

Calibration was carried out in the same range of variation of the velocities and heat fluxes
as the main experiments (Table 3). Two or three calorimeters were installed in each of the
13-20 measuring cross sections of the cone. Power supply to the calorimeters and all neces-
sary measurements for determining the power being supplied to them and the temperature of the
measuring surface were accomplished by a measuring unit that provided exact maintenance of
the voltage at the electrical heaters of the calorimeters during the entire experiment and
permitted recording the power of each calorimeter separately.

12



. A “raq
06€0‘0 | — — 1180°0 — 05£0°0 — ~ LIEO'D - €800 | 2080°0 ~ w,mml = U
Fr— 01— Ou
¢ ¢ f 1 ¢ ¢ ¥ m,MuM o
008°0 |088°0 | 09S5‘0 ge‘0 agl‘0 | 09%‘0 | 0oL‘0 | 03v°0 00‘0 | 09¥'D | 00€‘0C | 06L‘0 o1i‘o “Ean 2
’ (wnurxeur)
€91 | evl | 6el ¥9°1 POl 8rl Gh1 f | 171 CTA a1 evl el RN A
‘ -,
6L—V*1 |ore—01|6 58T | 98" | P9—1°T [8°G—6°T |G°0—°T | 0°L 41 | ¥°0—a*1 |G 1 | €08 T | 8461 |6'P~€‘T | 501 oy ®
gvi—66 | L8 091 |996—S91 | 09%—00¢| 031 |001—SE |S06~—G8I | O¥&—a9l | 0LI—GEl | 03€—0GG | 08Y—0€E | 018—05G u/8y ‘0
Scbl | alew | 499 | 909 | Sovd sevl | aloo [ Lo | sz99 | akw | 4w | %W | seie [ (9-09) ISIIAS
09 gk Juon
- e
— - 86500 - - — 1020°0 66500 $180°0 0930°0 wxwz == Wy
19°0— oy
¢ 13 3 ¢ < ¢ < ¢ ¢ O:x. w.MUNA o]
2920 | 830 081°0 G310 0510 ¥31°0 8g1°0 L01°0 6.0°0 $90°0 o
ahabwamc
8c‘1 qe‘l vl eetl ar‘l 66°1 961 91 68l 91 U2y
' < < 4 0 0 < ‘ .Q. E.
P81 7' v—58] 99T | &v—1'C | vr—0'C |. 48T | 0v—e% | $v—1G | vr—£% | 0v-1'8 | w0l Tooy 'l
oIl |g13—G81| 09&—g8l | 08I1—0GI | 0Se—09% | 06¥—00v | 09%—0¥G | OVS—008 [ O0L.~—08F | 098—0€9 u/8i p
s | b0 @99 | eLwr mw | sew | weie | wE | s | %w (§—°d) ISIMS
- ’ S auon

SIDTATMG PUB SDUO0) JO SIUBRTIE) pa3lediasaaur

‘g HT4VL

13



Ny I a—Fe— , =4
40t :—Q:_‘Z‘:;ﬁf v % "_”u.r‘_’g_ «—7 a—15 e
1200, rev Kem @ *—8 a—1f o
. ‘1 e
6
g m x. o
o&gi "
4 »® .-(,.
s $&
.= (] [+ ]
2
3343

. =% 3
v — > -

96 v—22 »—27

4 V—23 +—28

*—2% e —2
[

Ui ’ 4
¥ g1 L 2 3 4 56 8w
Ry

Fig. 2. Local heat transfer of a swirling turbulent annu-

lar air jet propagating along the inside surface of a cone:

a) Effect of Gr for x = 3.82 (I) and 5.25 (II) when y = 45°,
@ = 44°, B = 0.25; To/Tin for x = 4.18 (III) and 5.25 (IV)
when y = 45°, % = 66°, 8 = 0.25, and x for ¢ = 15°, % = 44°,
B = 0.25; b) Nux vs Rexp; c) values of Grel0~°: 1) 1.1; 2)
4.6; values of T¢/Tin: 3) 1.17; 4) 1.37; values of x: 5)
5.88; 6) 8.95; values of y/@y — 1008: 7) 15/24-25; 8) 15/31-
25; 9) 15/31-47; 10) 15/31-72; 11) 15/44-25; 12) 15/44~47;

13) 15/44-72; 14) 15/66-25; 15) 15/66-47; 16) 15/31-72; 17)
45/31-25; 18) 45/44-25; 19) 45/44-47; 20) 45/44-72; 21) 45/66-
25; 22) 45/66-47; 23) 45/66-72; 24) 45/74-25; 25) 60/66-25;
26) 60/66-47; 27) 60/66~72; 28) 60/74-25; 29) 20/60-61 accord-
ing to the data in [18]; —) according to Eq. (10).

The heat losses can be approximated by the functions

Ly, _ . (@)
Qo= ko(Te —To)" w ; k = 0.0131 —00161;

ny 0,3 . . -
0= ki (T, — T Reg” w s by = (0.144 — 1,075).107
n, =1+ 0,0346 tgy

Q

(2)

When processing the experimental data the value of the local coefficient was found from
the expression ’

_ Q=W - ; |
o = fc(Tc—Tin) kxl Ql Q0+Q1n‘ (3)

Expression (3) includes a correction factor kx = [1 — (xo/x%:)]°°? that takes into ac-
count in conformity with [7, 8] the effect on heat transfer of the relative thickness of the
thermal boundary layer formed at the site of installing the calorimeter owing to the abrupt
change of temperature of the surface exposed to the flow.

Before conducting the main series of experiments the method of measuring and processing
of the experimental data was tested on such a classical case as heat transfer during turbu-
lent flow of an unbounded stream past a plate. The data obtained in this test are general-
ized well by the known similarity equation [9]

ox W

Nu, = 0.0255 Re%®; Nu, = T; Re, = (4)

v
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Fig. 3. Dependences: a) cx = f(g); b) ce = £(g —¥); ¢)
cm = £Cq —9); d) cc = £(B); e) ey = £(B). Symbols of
curves for a) when ¢ = 15° (I), 45° (II), and 60° (III),
see Fig. 2c. Values of y/8: 1) 15/0.25; 2) 15/0.47: 3)
15/0.72; &) 45/0.25; 5) 45/0.47; 6) 45/0.72; 7) 60/0.25;
8) 60/0.47; 9) 60/0.72. Values of y: 10) 15°; 11) 45;

12) 60°.

In conformity with the theory of similarity and dimensionality [10] the Nusselt (Nu)
number characterizing local heat transfer during flow of an annular jet along an inside cylin-
drical surface is a function

Nu, = f (Rex, Pr, Gr, —;:2 , X, ﬁ) . (5)
in - »

If the jet moves over a helical trajectory in a conical tube, then we must add to the
characteristic quantities the apex angle of the conical surface and a parameter characteriz-
ing the twist. As a rule, the Rossby number [11-14], Din criteriom [15], or amount of twist
(161 is taken for such a parameter. As shown in [6, 17}, in the case of a constant angle of
twist over the height of the swirler vane these criteria can be reduced to the ratio

{(Weo/Wxo) =tg@o. Then with consideration of constancy of the Prandtl (Pr) number for air Eq.
(5) takes the form

r. - v,
Nu. = f (Re,, Gr, L&, % B, v, ——) (6)
’ f ( Tin on

As follows from specially set-up experiments (Fig. 2a), heat transfer in the case being
considered, just as in the case of flow in a cylindrical duct [17], does not depend either on
the temperature factor To/Tin (curves III and IV) or on the Grashof (Gr) number (curves I and

II) calculated with respect to centrifugal acceleration. This reduces the number of arguments
in (6), and as a result we have
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Nu, = f(Re,, *, B, ¥, @) (7

On processing the experimental data in the form of the function Nuy = f(Rex) for con-
stant geometric parameters ¥, ¢y, and B the experimental points for all tested variants are
stratified depending on the distance x (Fig. 2a, curves V and VI). The Nusselt (Nuy) number
is proportional to the Reynolds (Rey) number to a power of 0.8, and the coefficient before
Rey varies with distance x according to the power law (Fig. 3a)

Nu, = ¢, Re)?, ¢, = cx"c. ' (8)

The average flow velocity at the exit from the swirler is taken as the characteristic
velocity in (8) and the distance x, which takes into account the increase of the boundary
layer in the flow direction, is taken as the characteristic dimension; the physical constants
were determined on the basis of the inside air temperature Tin. The values of ce and n. are
given in Table 3. A physically substantiated analysis of the heat-transfer experiments re-
quires knowledge of the kinematics of the flow — a representation of the total aerodynamic
picture of the flow both in the entire volume of the investigated measuring section and in
the wall regions most important from the viewpoint of heat transfer. Therefore, the majority
of experiments to investigate heat transfer were accompanied by a detailed study of the aero-
dynamic structure of the flow. This made it possible to establish certain physical concepts
of the phenomena occurring during jet cooling under conditions of the internal problem in de-
riving the experimental dependences for coefficient cx.

The Nuy number can be represeéented as a function of the Rex number calculated on the
basis of the local velocity determining heat. transfer in the given cross section. As follows
from Fig. 2b, the maximum axial velocity Wyxm can be taken for the characteristic velocity.
Then the experimental points are described by the relationship

Nu, = ¢, Rel? (9

wherein the coefficient: cp depends on the parameters o , ¢, and B, and its experimental
values for the tested variants are shown in Table 3.
Equating (8) and (9), we obtain

Nu, = ¢, B Re)*, &, =~ y"c. (10)
C

m

The structure of this equation allows a certain physical interpretation, since the function
do ~ (Wxm/Wxo) ®*® reflects the regularity of the change of the characteristic velocity along
the measuring section and the coefficient cy characterizes the effect of the apex angle of
the cone, initial angle of twist (Fig. 3b,c), and relative thickness of the jet (Fig. 3d,e)
on the intensity of heat transfer. Using the usual methods of deriving the empirical de-
pendences and taking into account the qualitative structure of Egs. (10), we obtain the fol-
lowing expressions:

Cp = 0,095 a,, [1 + tg (@, — V)] exp (0.208 B),

a,, = 0.92 4 0,32 tgy, (11)
- @, =3.24a_[1 + tg (p,— )1 ®exp[1.07 (0.778+sinp) Bl apx™®,

1
2.87tg v

(12)

.=0.7 exp (2.66 siny); ayp = s ne=1.171sin .

As follows from Fig. 2¢, Eg. (10) together with (11) and (12) generalizes completely
satisfactorily all experimental data obtained in the present study upon a change of the char-
acteristic quantities within'the following limits: 15 < ¢ < 60; 25 < @ < 75, 0.25 < B <
0.75, =15 < @ — ¢ < 65, 3 < X < 35, Rex = (0.8-10)¢10-°. The experimental values of « and
those determined by—(lO) cthciHé also for the few available data on local heat transfer ob-
tained in an investigation of cooling of the transition cone of the front device of a triple-
damper gas~turbine combustion chamber during firing tests [18]. As follows from (11) and
(12), the intensity of heat transfer increases with an increase of the initial twist of the
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flow, apex angle of the cone, and hub ratio of the swirler (with a decrease of the relative
height of the annular jet). Whereas the effect of swirling can be explained by an increase
of the velocity gradient across the wall boundary layer [15, 19], the same such effect of
the other two factors is due to a change of the aerodynamic structure of the flow during
gradual transition from the flow at the initial section of the duct (8 = 0) to a semibounded
jet flow (B = 1) [20].

The range of applicability of the relationships obtained is limited to values of Rex =
(0.8-10)+10°%, though the experiments were carried out and the data processed in wider limits.
This is due to the fact that when Rex < 0.8¢10° a departure from the regularities of turbu-
lent heat transfer (Fig. 2¢) is observed in certain series of experiments. We note that the
lower limit of applicability of the formulas is less than the corresponding value of Rex for
a turbulent flow regime along a flat plate, which is explained, first, by the increase of the
degree of turbulence during propagation of the swirling flow under conditons of the internal
problem [21, 22] and, second, by the artificial decrease of the actual values of the Rex
number due to choosing only the axial component of velocity rather than the total velocity
as the characteristic velocity.

It must be emphasized that an increase of @9 and B leads simultaneously to a decrease
of the degree of attenuation of the characteristic velocity along the flow, whereas an in-
crease of Y causes the opposite effect. As a result a marked drop of the characteristic
velocity leads to a decrease of the heat-transfer coefficient despite an increase of trans-
verse transfer upon an increase of the apex angle of the cone.

It should be noted that an excess of the angle of twist of the jet over the apex angle
of the cone figures as arguments in (11) and (12). This value is selected on the basis of
analyzing the data of an aerodynamic investigation and permits generalizing the experimental
data on local heat transfer both for the case @o,>v and for the case of preseparation flow
past a wall when go<vy.

NOTATION

D, d, 2¢, lco, maximum and minimum diameters, apex angle, and length of cone; Do, Din,
bo, B = (Pin/Do)?, outside and inside diameters, vane height, and relative area of swirler
hub; %, initial angle of twist of jet; aef, effective exit angle at the average diameter;
ny, number of swirler vanes; x, x = x/bo, distance from swirler exit along surface exposed
to the flow; dec, fc, Xo = X — de/2, X3 = x + dc/2, diameter and area of measuring surface of
calorimeter and coordinates characterizing its location on the surface exposed to the flow;
Te = te + 273, To, Tin, absolute temperatures of the calorimeter surface, outside air, and
internal air flow; on,w¢ s Wxm, axialvand tangential velocities at the swirler exit, maxi-
mum axial velocity; Qo, Qo, Qin, Q7, heat released by the electric heater, heat losses due
to conduction and radiation through the outside and inside surfaces, total heat losses; E,
electromotive force; a, A, and v, coefficient of heat transfer, thermal conductivity, and
kinematic viscosity; Nux = ax/A, Rex = Wxox/v, Reo = Wxo2bo/v, Pr, Gr, similarity numbers;
Ne, Co» Cms 9ms Aoy Cm = € /0.0250p[1 + tan( g —P)]1°%°%*®, Co = ¢e/0.026{1 + tan(g, — Y)]1**C,
experimental coefficients.
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PROBLEMS OF HEAT AND MASS TRANSFER IN A VAPOR-GAS
PHASE DURING EVAPORATION OF A FLUID

L. S. Bobe, P. D. Lebedev,* and B. Ya. Pinskii UDC 536.423.1

An analysis is made of the experlmental data of a number of investigators on
evaporation of fluid from a surface and a comparison is made with theoretical
solutions and data on the injection of gas through a permeable surface.

It has been shown [1] that in the relative representation of dimensionless coefficients
of heat and mass transfer as functions of permeability factors, the experimental data on
evaporation from the free surface of a fluid correlate well with the corresponding theoreti-
cal solutions, particularly those based on the asymptotic laws of Kutateladze and Leont'ev
[2] for a turbulent boundary layer at a permeable surface. The experimental data of a number
of investigators on evaporation and injection are shown in Fig. 1 along with some theoretical
solutions. Figure 1 indicates that all the data are sufficiently alike for a quasiuniform
boundary layer and Le = 1 (the latter limitation is only for heat transfer) where the permea-
bility factor B < 0.1. The coefficients of heat and mass transfer decrease as the mass flow
from the surface increases, which is in accord with presently accepted views [3]. It should
be noted that for evaporation it is necessary to use a Nusselt (or Stanton) number based on
diffusion mass flow [4]. For evaporation of a fluid in a vapor—gas medium, it is NupWai
(StpW21i) .

As is clear from Fig. 1, we have the relations NupW.i = Nup, and Nu = Nuo, when B < 0.1,
i.e., a similarity is observed between jointly occurring processes of heat and mass transfer
at low intensity and heat transfer without mass transfer. Here Nup, and Nuo, are the diffu~
sion and thermal Nusselt numbers defined by the. usual similarity equations such as Nu(D), =
f(Re, Pr(p), Ar) for separately occurring processes of mass transfer at low intensity and
heat transfer without mass transfer. Experimental data confirming this hypothesis are pre-
sented in [5, 6]. However, several authors have expressed the opinion that the analogy be-
tween heat and mass transfer can break down during evaporation even at low intensity. 1In
this regard, references are made to the experimental studies of Nesterenko [7], who was one
of the first to perform sufficiently accurate measurements of temperature and concentration
within a boundary layer. However, if one considers the original data of Nesterenko, breakdown

*Deceased.
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