MODELING THE HEAT TRANSFER WHEN A CHEMICALLY REACTING FLOW PASSES
A RIB BY MEANS OF THE FINITE-ELEMENT METHOD _
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The finite-element method is used to solve the conjugate problem of heat transfer be-
tween a ribbed wall and a chemically reacting flow. The distribution of the veloci-
ties, temperatures, and concentrations, as well as the local heat-transfer coeffi~
cients and efficiency of the rib, is obtained.

Ribbing heat-transfer surfaces is one of the most widespread and effective methods of in-
tensifying heat transfer. As shown by investigation [1], the distribution of the thermohy-
draulic parameters in the flow around longitudinally ribbed tube bundles is complex. The tem~
perature difference in the cross section of such bundles may reach several thousand degrees
in the initial section.

Increasing the efficiency of ribbing in order to reduce the mass and size characteris-
tics of the ribbed surfaces is an urgent and practically important problem. At present, there
are various methods and technologies for the production of ribbed surfaces. In one, a U-shaped
groove is welded to the outer surface of a tube in order to produce longitudinal ribbing. The
deficiency here is the presence of a technological gap between the base of the groove and the
tube surface and the consequent formation of additional thermal resistance.

In engineering practice, the caleculation of heat transfer in the rib (and the design of
the ribbing) is usually reduced to solving a conductive problem, whereas the complex phenomena
of convective heat transfer and hydrodynamics are rarely studied. The influence of convec-
tion in this approach to the theory of heat transfer of the rib is taken into account by means
of the concept of the heat-transfer coefficient, which is usually taken to be constant over
the rib height. It is known that this approach often disagrees with the reality. In addi-
tion, the heat-transfer coefficients used in the rib calculation are often determined fromap-
proximate estimates.

The investigation of rib heat transfer in the presence of a gap is thus one of the aims
of the present work. Since it is impossible to measure experimentally both the temperature
drop in the gap and its distribution over the rib height, numerical modeling on a computer is
used, on the basis of solution of a system of conservation equations by means of the finite-
element method (FEM). :

Mathematical Model. 1Initial Equations

A flow of chemically reacting gas in which the following reactions occur is considered:
1) N20, = 2NOz; 2) 2NO, = 2NO + 0z; 3) NO; = NO, = 0. The first and third reactions occur in
equilibrium, and the second as a reaction occurring at a finite rate [2]. A diagram of the
flow and the channel studied is given in Fig. 1.

The transport equations and boundary conditions are written in the following approxima-
tion: parabolic flow of Newtonian liquid is considered; leakage of heat along the channel
axis is neglected, together with thermodiffusion and barodiffusion; and only the longitudinal
component of the velocity vector is taken into account. In this case, the initial system of
equations takes the form

oUu do
U—" =y, ) —=2; 1

oU— = =Vx (2Vay o
peU = Vay Wi ) + S (2)
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The continuity equation is expediently used in integral form

S pUds = const. (4)

Since the problem is solved in a conJugate formulation, the system is complemented by the
heat-conduction equation

nyT = 0. _ (5)

The region of integration of Egs. (1)-(4) is shown in Fig. 1 and consists of two subre-
gions: the ribbed wall of the channel and the region of moving gas. The flow is symmetric
relative to the lines AD, BC, CD.

Because the expressions and procedures for determining the coefficients u, A, Cp,andDC
of the chemically reacting heat carrier N;0,~NO are complex and unwieldy, and on the assump~-
tion that this is not fundamental to the solution of the initial system, they are not pre-
sented here, nor are the algorithms for calculating the source terms Sy and R¢ in Egs. (2)
and (3). They are calculated according to the algorithms and procedures in [2, 3].

Solving the parabolic equations corresponding to the given situation requires boundary
conditions at all the boundaries of the region and the values of U, T, C at the channel in-
let. Uniform profiles of all the functions (U, T, C) are specified at the channel inlet and
Neumann conditions at the symmetry lines; at the outer boundary of the supporting wall AB,
provision is made for use of thermal boundary conditionsof the first, second, and third kinds.
Finally, at the wall—gas heat-transfer surface, conservation conditions for the temperature
and normal heat flux are satisfied.

The use of FEM and the Galerkin method leads to a system of nodal differential equations,
which may be written in matrix form as follows

101{ 22 } + [KI{®} + {F} = 0; (6)
‘N N
[Cl=N1C1® = 3 [ AN (N ds; | ¢p
e=1 e=] g
K= Z K1 = 2 { [BY' (D] [Blds i=1, 2 (8)
. e=| 3
N
{F}y= 2 {F}<e> =¥ 5 O [N]Tds'+ Sq[N]Td—L. (9)
o= . e=1 s Ly

Tor each element of the region, integration and summation over all the elements is underta-
ken in the usual manner. The values of the quantities appearing in Egqs. (7)-(9) are given in
Table 1.
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Fig. 1. Diagram of flow and region of integratiomn.
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TABLE 1. Values of Coefficients in Eqs. (7)-(9)

Form of equatio A [D] 0
9p
Motion U U ~ 3z
Energy Ucp Ag 0 — inert
Ry — chemically
reacting
Heat conduction 0 p - 0 — no internal heat
liberation; qin¢ —
internal heat lib-
. eration
Diffusion U D, 1.
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Fig. 2. Distribution of temperature T (X, y = h) with h-10° =
5.0 (1), 5.1 (2), 5.3 (3), 6.0 (4), 6.5 (5), and 7.5 (6). T, K; x, m.

Functions of the Lagrangian family for quadratic quadrangles are taken as the basis func-

tions [4]. Integration of the equations downstream is undertaken by a purely implicit two-
layer scheme with lead ‘

Kit1@i41 4 City (Ppy — @y)/Az — Fiy = 0. (10)
The scheme is nonlinear and is solved by an iterative method, as follows
(K, + CE/AZI OFHD = CLDy/Az + FiZ1. (11)

Although the algorithm is stable, oscillations may arise in the numerical values of the de~
sired quantity. The amplitude of the oscillations depends on the material, the dimensions of
the elements, and the step Az. Simultaneous decrease in the size of the elements and Az sig-
nificantly reduces the amplitude of the oscillations. In solving the systemof algebraic equa-
tions, the direct Gaussian method is used. The matrices are transformed to strip form. The

program has been widely used, without the appearance of any problems associated with converg-
ence or stability of the solution.

Results and Discussion

The program is tested and carefully verified by comparison with experiments and the re- .
sults of electromodeling, and also by comparing numerical results with analytical calculations.

The temperature distribution in a complex region including the rib, the supporting wall,
and the free gas flow is shown in Fig. 2. The initial parameters assumed in the calculation
are: Tipn = 485-685 K; P = 20 bar; Cjp = 107*-10"3; Uip = 0.2-17.5 m/sec; qy = 3.5°10%-0.5 x
10° W/m?; Ay = 15 W/m'deg. As already noted, the heat carrier chosen is the gas N;0,~NO in
which chemical reaction is occurring, in this case, with absorption of the heat of dissocia-
tion of the N,0 molecules to 0. and NO., The model alsc takes account of the influence of ex-
cess (in an amount of 3%) content of NO molecules in the heat carrier on the heat and mass
transfer. The fundamental qualitative differences between the heat transfer of a chemically
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Fig. 3. Distribution of velocity U (x = 7, y) and oxygen concentration C
(x =1, y) when 7°10® = 3. U, m/sec; y, m.
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Fig. 4. Distribution of heat-transfer coefficients a(y/Zp) (a) over
the rib height for various values of the velocity — U = 0.2 m (1) and
0.8 (2) m/sec — and rib efficiency n(y/Z ) (b) over both sides of rib;
3) when x = 5°1073%, left-hand side in Flg. 5; 4) x = 7°10~3, right-
hand side of rib. «, W/m-deg.

reacting heat carrier and that of an inert medium is that in the first case, as is known, there
is additional mass transfer in the transverse direction, and hence also enthalpy transfer on
account of the concentrational—diffusion mechanism. This leads to some equalization of the
temperature profile in the channel cross section. Temperature redistribution in the support-
ing wall due to the presence of the ribs and the gap results in redistribution of the heat
flux in the supporting wall.

Calculation shows that the distribution of the gas temperature around the rib surface
with respect to the normal conforms basically to a parabolic law. A difference is observed
in the region adjacent to the base of the rib, where the influence of the supporting wall be-
gins to be felt. The presence of the gap is due to asymmetry in the temperature distribution
of the gas to the right and left of the rib. Thus, the difference AT = T,— T; along Y=7.5
reachest 25° to the left, while AT(Y = 7.5) = 15° to the right of the rib.

The thermal and hydrodynamic boundary layer around the rib amounts to 3-3.5 mm (Figs. 2
and 3), which is in complete agreement with calculations according to the approximate depend-
ence //§~1YRe.

As would be expected, the intensity of rib operation is not constant over the height, but
is a minimum where the velocity of the surrounding flow is a maximum. Admittedly, there are
two competing processes for the chemically reacting flow in this case: more intensive heat
transfer in the zones of higher velocity; and "freezing" of the flow in these zones. It is
evident from the distribution of the heat-transfer coefficients at the rib surface in Fig. 4a
that a at the rib vertex is almost four times higher tham at the base. The extent of the
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Fig. 5. General picture of isotherms in the given region:
1) 480 K; 2) 490; 3) 520; 4) 5403 5) 590; 6) 620; 7) 650;
8) 680.

zone where the heat-transfer coefficient remains unchanged depends on the velocity of the in-
coming flow, and is 30-70%Z of the whole rib surface. It is evident that, with increase in
flow velocity, the zone of so~called stable heat transfer decreases. It is clear that ex-
treme caution is required in specifying any mean values of the heat-transfer coefficients at
the rib surface in calculating the heat transfer of the ribbed surfaces.

Efficiency of Rib

The basic working characteristics of the rib — the efficiency in engineering practice —
is calculated from the well-known dependence

_ _th(m)

m (12)

which is obtained from the conductive theory of rib heat transfer. Using the model of conju-
gate heat transfer between the ribbed wall and the gas flow allows this important character-
istic to be calculated directly from the dependence
n=—, (13)
%1deal
where qjdes] is the heat-flux density when ), = =,

In order to use the latter dependence, the temperature fields over the whole region (in-
cluding the rib and the flow) are calculated, and the specific heat fluxes are determined with
the real value of Ap and 9idea] 25 Ap > o,

The corresponding point values of the rib efficiency are determined using the local val-
ues of the specific heat flux qj,. at the points located at the sides of the rib calculated
respectively when A = fin and A » », and the dependence n = n(y/hp) is plotted. Calculation
shows (Fig. 4b) that the maximum value Npax 18 attained not at the base but rather at a dis-
tance (0.15—0.2)y/hp from the base. The minimum in the distribution of q over the rib height,
which corresponds to a corner point at the base of the rib, is associated with local reduction
in rib efficiency in the base zone and upward shift of the maximum of n(y) over the rib height:
The shift in the maximum of the distribution of q and n is due to the specifics of heat trans-
fer at the lower corner point (in the rib base), where there is a local "trough" in the dis-
tribution of q at the surface.

In the general case, the temperature difference is a function of the heat-flux density
through the gap, and depends on the thermal conditions of operation of the apparatus where
the ribbing is used. In nuclear power stations, where the heat-flux density reaches consid-
erable values, disregarding effects associated with the presence of the gaps may lead to
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TABLE 2. Temperature Differences in the Gap and Over
the Height of the Rib

U, 2

od,, m/sec q, W/m lp, mm | 8., mm| AT.K | AT, K

0,25 0,2 3,5.10% 12 0,1 4,0 3,1

0,5 4,5 3,9
40,0 3,4 5,4
100,0 2,6 4,8
136,0 ) 2,4 4,4

0,25 0,2 3,5-10% 12 0,5 4,8 1,5

0,75 6,0 2,5
32,0 5,3 4,0
130,0 4,5 3,7
160,0 4,0 3,5

0.25 17.5 - 5.10s 12 0.1 8.6 124.0

significant errors. Thus, the theoretical temperature difference ATg with a gap thickness of
0.1 mm, heat-flux density qpp = 3000-4000 W/m*, and Uj, = 0.2 m/sec is 0.5-4.5 K. When qap =
0.5-10° W/m® and Ujp = 17.5 m/sec, this difference reaches 8-10 K. The temperature gradient
in the gap AT/§g reaches (0.8-1.0):10° deg/m. The temperature difference in the gap and the
temperature difference over the height of the rib are shown in Table 2.

The composition of the chemically reacting heat carrier is calculated on the basis of
solving the diffusion equation for oxygen, the component appearing in all the reactions. The
concentration distribution of the components in various zones of the channel allows judge~
ments to be made regarding the intensity of the chemical process (in this case, the molecular
dissociation 2NO, = 2NO + 0.). Note that the absolute value of the change AC = Cx — Cyis no
more than 1% (in the case here considered), while the gradient dC/dx is 10-15 m™*.

A general picture of the temperature distribution over the whole regionis showninFig. 5.
The region of compression of the isotherms corresponds to the greatest temperature gradient
in the channel.

Thus, investigation on the basis of numerical modeling allows practically complete in-
formation to be obtained on the heat transfer in complex channels, which is especially valu-
able in cases where experimental investigation is difficult or completely impossible. FEMis
especially effective in solving conjugate heat-transfer problems in channels of complex ge-
ometry. The bundle of programs based on FEM permits the calculation of local values of the
given functions and the analysis of information using a bundle of service programs for vari-
ous flows (laminar, turbulent) in channels of complex geometry (ribbed tube bundles, rectangu-
lar, annular, etc.). The distribution of the heat-transfer coefficients is significantly non-
uniform over the rib height. The maximum values are achieved at the vertex and the minimum
at the base of the rib. The presence of the gap impairs the efficiency of rib operation and
increases the temperature difference over the rib height. The presence of ribbing leads to
redistribution of the heat flux in the supporting wall.

Note, in conclusion, that the calculations are performed on an EC-1061 computer requir-
ing 120-150-sec processor time for a single "time" layer. The region is discretized using
200-240 quadratic quadrangles.

NOTATION

U, velocity; T, temperature; C, oxygen concentration; P, pressure; u, viscosity; cp, spe-
cific heat; A, thermal conductivity; D, diffusion coefficient; Sy, source (or sink) of ther-
mal energy on account of chemical reactions; Rg, source (or sink) of component on account of

. 0 ;| 02 02 P
chemical reactions; vy = ( )—%7%7( ); Vi,= ( )—F ( ); q, specific heat flux; T,,

o0x Ox? oy?
source of oxygen componenté in the chemically reacting flow, Indices: g, gas; W, wall; o,
in the core of the flow; in, channel inlet; x, y, z, direction of axes in Cartesian coordinate
system; Z = 1, N, summation over all the elements,
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COMPARISON OF PHYSICAL AND NUMERICAL MODELING OF SUPERSONIC FLOW OVER A CONE

P. A. Voinovich, Yu. P. Golovachev, UDC 519.6:533.6.011.5
I. M. Dement'ev, A. N. Mikhalev,
E. V. Timofeev, and A. A. Fursenko

Results of a multiapproach study of flowof ideal and viscous gases over conical bod-
ies are evaluated. The experiments were performed with a ballistic device using
interferometry.

Interest in the study of supersonic flow over various bodies has been stimulated by this
phenomenon's many technological applications. An analytical approach is ineffective because
of the significant nonlinearity of the problem and complexity of the flow structures. Initial
attempts must involve experiment and numerical methods. Their combined use permits conclu-
sions as to the accuracy and reliability of both measurements and the numerical methods for
this class of problems. The present study will compare shock wave contours, gas dynamic func~-
tion profiles in the shock layer sections, and values of the drag coefficient Cyx. A compari-
son of experimental and calculated values of pressure and thermal flux on the surface of a
blunt cone was performed previously [1, 2].

1. The physical experiment was performed with the large ballistic apparatus of the Ioffe
Physicotechnical Institute [3]. To obtain optical patterns a diffraction shear interferome-
ter [4] with field of view 200 x 300 mm was used. The light source used was an OGM-20 ruby
laser with pulse energy of 0.2 J and pulse length of 30 nsec. Two separate matte scatterers
were installed ahead of the condenser in the device illuminator. The laser light was trans-
mitted to the receiver section by a lightguide.

The model of the composite cone (base diameter D = 30 mm) had a velocity V., = 885 m/sec,
with Mach number M. = 2.57. The path was filled with air under atmospheric conditions, with
Reynolds number as determined by incident flow parameters and diameter of the model base Rew =
1.12-10°.

In performing the experiments together with the interferograms direct shadow photographs
of the object were obtained in a parallel beam in 10 sections of the device in each of twoor-
thogonal directions. Such a recording of the trajectory allowed measurement of the parame-
ters of model motion and calculation of integral aerodynamic characteristics based thereon
[4]. The shadow photographs were also used to determine the position of the head shock wave
and the internal waves which develop at the breakpoints of the body directrix. The geometry
and centering method chosen insured high stability of the model flight, with attack angle not
exceeding 1° over the entire path length. This angle was not considered in the ‘density
calculations.

The uncertainty in determining path length difference in the given inhomogeneity did not
exceed 0.2-0.3 bands. This value served to establish the statistical dispersion of the den~
sity. Using the standard Abel procedure, the distributions of path length difference were
used to calculate density profiles in the selected sections.

The drag coefficient Cy was calculated by the method of [5]. For comparison to the re-
sistance coefficient obtained by integration of the calculated pressure and friction forces
over the frontal and lateral surface of the model, it is necessary to subtract from Cx the
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