tion of the curve of the isotherm path and the x axis; K, temperature coefficient; a, dif-
fusivity; Ty, T%, temperature of surface of material and isotherm under consideration; T,
temperature of unheated material; V,, quasisteady value of surface velocity; KTp, material
disintegration constant; S(t), linear ablation; q., calorimetric heat flux; I, stagnation
enthalpy; q'p,, mean integral heat flux during the period from 0 to tp; A, thermal conduc-
tivity; p, density; ¢, heat capacity; m, parameter of thermal efficiency of the material;
61, depth of heating.
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EXPERIMENTAL VERIFICATION OF MODELS OF TRIPLE MIXED CORRELATION
BETWEEN VELOCITY AND TEMPERATURE AS APPLIED TC THE CALCULATION
OF JET FLOWS

Yu. M. Dmitrenko, V. L. Zhdanov, UDC 532.517.4
N. N. Luchko, and P. Ya. Cherepanov

The optimum values of the constants in the well-known approximation of the moment
u36 are determined from the results of experimental investigations of nonisothermal
wakes.

Multiparameter differential uiuj-eu—uie—ez—eelmodels of turbulence are now being used
ever more extensively in practical engineering calculations. They are suitable for calculat-
ing a broad class of complicated flows and enable one to obtain information about the pulsa-
tion characteristics, which is important in a number of technical applications (e.g., in prob-
lems of the propagation of radiation in a turbulized medium, in the construction of mixing
devices, the calculation of thermal stresses in heat-releasing elements arising from the
presence of temperature pulsations in the oncoming stream, etc.).

It is obvious that the reliability of the calculation depends on the soundness of the
closing hypotheses for the unknown moments, each of which requires careful verification. In
fact, a situation is possible when the individual terms of the equations of turbulent trans-
port are roughly modeled but the end result of the calculation is still found to be close
to the experimental data. But if there is no agreement, it is unclear just which hypotheses
laid at the foundation of the model do not accord with reality.

The results of an experimental test of various approximations used in models of momentum
transfer are given, in particular, in [1-3]. The dynamics of the turbulent field of a pas-
sive admixture (temperature) has been studied in less detail, however, both theoretically
and experimentally. The development of experimental technique and the surmounting of a number
of methodological difficultiesnow make it possible to measure different mixed moments of
velocity and temperature pulsations and thereby estimate the reliability of approximations
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of certain terms in the model equations of turbulent heat transfer. The results of testing
the well-known relations for the triple moments ujuj6 and u;6? are contained in [4, 5]. In
both cases, however, the results of an experimental investigation of only one type of flow
were used: a plane, asymmetric heated jet [4] and an axisymmetric thermal wake with a zero
excess impulse [5], and only the approximation for u,6° was tested in the latter paper. Al-
though a comparative analysis of the known approximations is given in these papers and the
values of the respective numerical coefficients are determined, it remains unclear whether
the advantages revealed for one model or another are retained in the case of other wake flows
and whether the empirical constants are universal.

Approximations for the moment ui62?, which describe turbulent diffusion in the equation
for the intensity of temperature pulsations 82, were analyzed in [6] from the results of
several experiments. In a number of cases, such as in flow with a symmetric velocity field
and an asymmetric temperature field, the turbulent heat flux u;6 depends not only on the local
parameters at the given point but also on the entire past history of the flow. The calcul-
ation of such nonequilibrium streams requires that the model system for T - 82 — eg be sup-
plemented by the transfer equation for u;i6, which contains the moments uluJe

In the present paper we test the well-known model relations for ujuj® against the re-
sults of experimental investigations of three nonisothermal wake flows. In the first two
cases the turbulence characteristics were measured in the wakes behind an ellipsoid of revolu-
tion with an elongation of 6:1 for different values of the excess impulse J,

J = 2mp g U, (U — U.) 2ydxs. (1)
b

A jet of heated air escaped from an opening in the stern region of the ellipsoid. For a low
jet velocity a wake regime of flow (J < 0) occurred, the characteristics of which are described
in [7]. In the second case the jet velocity was chosen from the condition J = 0. It is well
known that flow with a zero excess impulse develops according to laws differing considerably
from the case of J # 0 [8]. The third experiment differed from the first two not only in the
flow geometry but also in the means of creating the temperature inhomogeneity. The wake be-
hind an elongated, plane, symmetric body, propagating in a medium with a linear vertical tem-
perature distribution, was investigated in it. The required temperature profile in the on-
coming stream was produced by an electrically heated grid of round rods mounted in the fore-
chamber of a wind tunnel with an enclosed working section [9]. The characteristics of the
velocity field in the wake are symmetric and were described in [10]. At the same time, it
is well known [11] that turbulent mixing in the wake region introduces antisymmetric distur-
bances into the temperature profile. In this case, in contrast to shear flows with symmetric
temperature distributions, the temperature defect in the plane of symmetry of the wake (x, =
0) vanishes, while the pulsation heat flux u,6 does not vanish. In all the experiments the
initial temperature differences were chosen such as to eliminate the influence of buoyant
forces on the velocity field, which allowed us to treat heat as a passive admixture. The
turbulence characteristics were determined using a 55D thermoanemometric instrument of the
DISA ELECTRONIK Company. The mixed moments of velocity and temperature pulsations were mea-
sured with a three-filament probe using digital methods of computer analysis of the signals
of the primary transducers [12]. The model relations were tested against the results of
measurements in cross sections located at sufficiently large distances from the bodies over
which the flow occurs (20 £ xlld < 50), where the errors due to the finite measurement volume
of the three-filament probe were relatively small. The dependences of certain characteristics
used in the model relations being tested on the transverse dimensionless coordinate n = x,/8g
are given in Fig. 1. The half-width of_the wake was_determined from the profile of the tem-
perature pulsations from the condition 92(69) 0.2562. For convenience in combining differ-
ent characteristics on one graph, each of them was normalized to its maximum value in the
cross section under consideration. These values are given in Table 1.

The above-noted fundamental differences between the characteristics of the velocity and
temperature fields in the flows under consideration serve as a good basis for a comprehensive
test of the existing approximations for the unknown terms of the heat-transfer equationms.

The well-known algebraic expressions used to model the moment ujuj® are given in {4].
We write them in order of increasing complexity:

—— i 9u0
uf =o, — i, 2
Uiy w tn Urle axe ( )
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Fig. 1. Distributions of turbulence characteristics
across a wake: a) axisymmetric wake (J < 0, x,/d =

50); b) axisymmetric wake (J = 0, x,/d = 20); c) plane
wake (x,/d = 41); 1) AT/ATp; 2) u3/udp; 3) 62/67,; 4)
u28/(u26)m, 5) ul/ulp.

2 N — A )
e s o)
0 —_ —_—
— Ju® | —— Ou0 dusu
Uy = Gy ;_ (ukue 5; + w, a;e + uf axeh ) ’ (4)
— q? oud — awﬁ 6uuk e 6?)
Utp8 = Ogy o (uhue x. + uiile +uchb + Ustlylle e (5)

From a comparison of Egs. (2) and (3) it follows that they ccincide for i =

= k and oy = 2a,y-
At the same time, the right side of Eq. (2) does not satisfy the condition of invariance rela-

tive to permutation of the indices, so that we shall not consider Eq. (2) further. The fac-
tor q%/ey, representing the time scale of_the velocity field, appears in each of the approxi-
mations. The use of the analogous scale 62/59 of the temperature field is equally justified.

Therefore, along with Eqs. (3)-(5) we shall consider approximations obtained by replacing
q%/ey by 82/¢eqg.

A detailed test of each of the approximations (with a different combination of indices)
would require making rather laborious and complicated measurements of the second and third
moments. In those cases when the boundary-layer_approximation is valid, the determining rcle
is played by the transverse pulsation heat flux u,6 and hence by the mixed moment uZ6. Start-

ing from the general expressions (3)-(5) and using the dynamic or the thermal time scale in
them, we write the model relations for u26:

e s ©
i = — %0 > iy "a‘;ze : 7)
T — o, - (o JD gy e | g T (10)
IO — o _gi (2@; 56’55 +l;'§%%i a g_;). (11)
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TABLE 1. Characteristic Parameters of the Investigated Flows

Type of wake flow xifd | ATm g | 81y | #Bpp-108, 73:-103, S,

€ Im/fsed °c |m-°C/lsecimifse® |mm

‘Axisymmemic (J <0) 20 10,53 0,135}0,11 5,88 1,05 36
Axisymmetric (J =0) 50 1,47 10,236}10,35 35,1 5,13 25,6
Plane (J <0) 1 | 0,46 |0,4080,178] 34 30,3 | 27,4

The conformity of these approximations to test data was tested as follows. Taking the
coefficient o equal to unity, the right sides of Egqs. (6)-(11) were calculated from the re-
sults of measurements of the turbulence characteristics. The experimental profiles were
approximated by analytic curves to find the derivatives. 1In all cases the mean square devi-
ation of the experimental values from the analytic curves did not exceed 27, which is far
less than the measurement error. From the condition of a minimum of the mean square devi-
ation

n
ot = N (@0, a2y
o=

of the experimentally found values of the moment GZE from the calculated values we determined
the optimum values of the numerical coefficients o in each of Eqs. (6)-(11).

A comparison of the calculated values of the dimensionless moment u36/(u26), with the
directly measured values is illustrated in Fig. 2. For clarity, the curves constructed from
the approximations containing the dynamic time scale (q?/ey) are given in Fig. 2, I, while
those for the thermal time scale (62/eg) are given in Fig. 2, II. As the approximations be-
come more complicated, the deviation of the profiles calculated using them from the experimen-
tal data decreases.

Only the models (10) and (11), containing terms proportional to the average temperature
gradient, provide acceptable agreement between the calculated and experimental values. At
the same time, with the proper choice of the constants as, and oagg the values of u26 cal-
culated from Eqs. (10) and (11) differ insignificantly. Therefore, it is difficult to give
preference to the dynamic or the thermal scale on the basis of the three experiments analyzed.

The optimum values of the numerical coefficients in the models (6)-(11) for different
types of flows are given in Table 2. It should be noted that the coefficients recommended
in [4] for all the approximations having a dynamic scale prove to be smaller than those de-
termined from the results of our experiments. Among the factors explaining this difference,
we can point out the following, in particular. First, in [4] the optimum values of the coef-
ficients were determined with allowance for different components of the tensor ujujb. In
this case, as can be seen from the figures given in the paper, the optimum value of a numeri-
cal coefficient for approximating a concrete moment, u28, for example, may differ consider-
ably from the value recommended for all the components simultaneously. Second, the values of
the coefficients can differ because of unequal errors in measuring the turbulence characteris-
tics in these experiments. Thus, the error in measuring ¢, depends essentially on the finite
resolving power of the filaments of the thermoanemometric probe and can result in almost two-
fold understatement of this quantity [7]. The fact that in {4], in contrast to the present
paper, no correction of €, for the finite resolving power of the probe was made could lead
to overstatement of the dynamic scale q2/ey, and hence to a decrease in the coefficients in
the approximations.

From the data presented in Table 2 it follows that the coefficients a3, and o;g depend
on the type of flow to a considerably greater extent thant a,, and a,g, although the model
relations corresponding to them describe the experimental data more precisly. The components
of the turbulent diffusion connected with the presence in the stream of the gradients of ujuy
and u4;6 and the average temperature gradient can be characterized, generally speaking, by
different time scales. This fact is not taken into account at all in the approximations (10)
and (11), which possibly leads to the dependence of the coefficients agy and agzg on the type
of flow.

For the practical application of the approximations under consideration, it must be veri-
fied whether their advantages are retained in the case when uj is not taken from experiment

262



I N
g2t TN
L / J N\
\
4 2
-/

0- .0 ,
"W c L . ¢

-2 ! ! L 1 A I\ ! { L — . 4
“0 o 7 2 0 g4 9% 2

Fig. 2. Compariscn of calculated and experimental values of u6: a)
axisymmetric wake (J < 0, x,/d = 50); b) axisymmetric wake (J = O,
x,/d = 20); c) plane wake (x,/d = 41); 1) experiment; 2-5) calcula-
tion from approximations: I: 2) from Eq. (6); 3) (8); 4) (10); 5)
(10) with u determined from (13); II: 2) from Eq. (7); 3) (9); 4)
(11); 5) (11) with u3 determined from (13).

TABLE 2. Dependence of the Empirical Coefficients in the
Models (6)-(11) on the Type of Flow

Flow Oy | %y | %su | ¥, | %10 | %0 | 238 | %a9

Axisymmetric wake (J<0} 0,10 0,10 {0,064[0,066; 0,29 { 0,30 | 0,18 | 0,20
Axisymmetric wake (J=0) 0,068 |0,083|0,087{0,10 | 0,21 [ 0,31 [ 0,22 | 0,28

Plane wake (J<0) 0,077]0,11 {0,046|0,042| 0,24 | 0,27 | 0,11 | 0,11
Plane asymmetric heated jet
(/>0 [4] 0,055/0,04 10,03 — | — | — | — | —

but calculated from some turbulence model. As was shown in [1], the best agreement with ex-
perimental data is provided by the model of Hanjalic and Launder:

2 ditar i | —— Ot
Uttty = ¢ 9 (uiue 8;:: -+ u, _a—;"e—ﬁ' Uplle axe] ) . (12)
In the boundary-layer approximation we obtain the following model relation from (12):
3 — Qusu
us = 3¢ —g—; Uglly jS: . {13)

The optimum value of the coefficient ¢, found from the condition of the smallest mean-
square deviation of the calculated values of u from the results of the three experiments
under consideration, is 0.08. The coefficient obtained differs little from that recommended
in [1] (¢ = 0.073), which was determined on the basis of experimental investigations of veloc-
ity triple correlations in boundary and free flows. The use in Egs. (10) and (11) of values
of ui found from Eq. (13) does not worsen the agreement between the calculated and experi-
mental profiles of u26 (see Fig. 2) and has slight infuence on the values of the empirical

coefficients in Eqs. (10) and (11) (designated as a';y and a';g in Table 2).
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Thus, the above analysis of different model relations showed that for good agreement
between the calculated and experimental values of the moment u36 the model must contain a
term proportional to the average temperature gradient.

NOTATION

Uj, component of the average velocity in the direction xj; uj, component of the velocity
pulsations; T, average temperature; 6, temperature pulsation; ujuj, Reynolds stress; uif,
pulsation heat fluxes; q? = ujuj, twice the kinetic energy of turbulence; gy = v(duy/axK)?,
rate of dissipation of turbulent kinetic energy; eg = x(06/0xg)2, rate of "dissipation" of
temperature pulsations; xj, Cartesian coordinates (x; is longitudinal and x, is trans-
verse)}; n = x,/8g, dimensionless coordinate; 8g, half-width of the wake; AT = T — Ty, tem-
perature defect; d, maximum transverse size of the body. Indices: 0, value of the character-
istic at the wake axis; =, value in the undisturbed stream; m, maximum value; ()", root-mean-
square value; ( ), average value.
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