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Abstract—Solution of the problem of laminar film condensation with both a gravitational type body force
and a moving vapor cocurrent and parallel to the surface is presented in this paper. The solution assumes
that the inertia terms of the liquid film have negligible effect, and that the temperature distribution across
the film is linear. Results of the solution are presented for the case of Freon 113 and compared with experi-
mental results. It is demonstrated, where both the body force and vapor velocity are significant, that errors
of up to 17 per cent in the heat transfer can easily result from neglecting one or the other of these terms.

NOMENCLATURE

a;, by, ¢y, etc, constants;

CP;
4%,
o*,

9, 4,

U,

specific heat ;
thickness of vapor boundary layer;
liquid film thickness;

5* | 4 R
Y (Rex/Frx) s —X— (Rex/Frx) ’

= 1/Z;

gravitational acceleration;
defined by equation (11);
heat of vaporization;
thermal conductivity;
PL/pv;

kinematic viscosity;
Nusselt number ;

Prandtl number;
density;

defined by equation (10);
= UX/v;

temperature;;

shear stress;

velocity in X-direction;
free stream vapor velocity;

1 This work was done under the support of the Ohio
State University College of Engineering and is based on a
Doctor of Philosophy dissertation. The Ohio State Uni-
versity Department of Mechanical Engineering, 1965.

Uh = U/ Uoo ’
v, velocity in Y-direction;
Vv

Vi > =—F i;

1 Uq_) rx
X, coordinate along plate surface;
Y, distance from plate surface;

Y /Re \?
Yl, =% ° N
X\ Fr,
Z, nondimensional distance, 3—2;
¢, defined by equation (17).
Subscripts

L, liquid;
V, vapor;
W, wall;
X, at posifion X ;
SAT, at saturation conditions;
d, at the edge of the liquid layer;
0, at free stream conditions.

1. INTRODUCTION

THE PROBLEMof film condensation heat transfer

has been one of classical interest to investigators

in the field of heat transfer. Ever since the de-

velopment by Nusselt [1] in 1916 for condensa-

tion on a vertical flat plate, there has been

sporadic publications on the problem. Until
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1956 these works have been of an empirical
nature based on the needs for improving con-
denser designs. In 1956, Rohsenow [2] using an
integral solution determined the effect of the
inclusion of heat capacity in the liquid film.

In 1959, Sparrow and Gregg [3] investigated
the effects of the liquid inertia terms by treating
the problem within the framework of boundary-
layer mathematical techniques. However, they
neglected the effects of interfacial shear between
the vapor and liquid. They showed little effect
for inclusion of the inertia terms for liquids with
Prandtl number greater than ten.

In 1961, several authors [4, 5] using boundary-
layer similarity techniques solved the laminar
body-force-only film-condensation problem, in-
cluding the interfacial shear as well as the inertia
terms.

In the area of forced convection laminar film
condensation, there are three analytical papers
of importance. These are the papers by Rohsen-
ow, Webber and Ling [6]; by Cess [7]; and by
Koh [8]. References [7] and [8] are boundary-
layer-type similarity solutions. Reference [7]
solves the asymptotes to the problem without a
body force, and [8] solves the same problem
exactly. Reference [ 6] neglects the inertia terms
and heat capacity of the film in solving the prob-
lem of body force with a constant interfacial
shear between the liquid and vapor. The results
of [6] show reasonable results for condensation
in long tubes.

Although Rohsenow et al. [ 6] included a body
force in their analysis, the only real attempt to
solve the problem of combined body force with
forced convection prior to the present analysis
was made by Chung [9]. Chung solved the forced
convection case by a Blasius-type similarity
solution, assuming that the interfacial velocity
was zero in determining the vapor boundary-
layer thickness and different from zero for the
liquid layer equations. He then used a perturba-
tion of this type of solution to solve the case of
large Froude number. By this it is meant that the
body force is small compared to the interfacial
shear force.
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In the present investigation. the complete
range of Froude number from zero to infinity
is covered. This automatically eliminates per-
turbation solutions and, since there is no simi-
larity solution [7], the problem is approached
using the Pohlhausen integral technique. Ana-
lytical results are presented for Freon 113 and
compared with the experimental results of [ 10].

2. BASIC EQUATIONS

As the theoretical model for this problem of
combined body force with forced convection
laminar film condensation, the flat plate shown
in Fig. 1 is assumed. The flat plate is suspended

EXTERNAL
FLOW u

LIQUID-VAPOR INTERFACE
F1G. 1. Theoretical model.

in a flow of saturated vapor with a gravitational
field acting in the same direction as the flow which
is parallel to the plate. The plate is maintained
at a constant temperature, Ty, where Ty < Tguq-
It is assumed that steady state exists ; that is. there
are constant liquid and vapor layers with no
wave motion on the liquid layer. It is further
assumed that the difference between T, and
Tuar is such that the properties of the liquid may
be assumed constant. However, the difference
between the liquid vapor densities significantly
affect the size of the body force. In general.
though, p; > py-.

Two additional assumptions are made. It is
assumed that the inertia terms in the liquid have
negligible effect and that the temperature profile
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is linear. From references [3-5, 7, 8] it is seen
that, for one driving force and Prandtl numbers
of order-of-magnitude greater than one, the
inertia terms are indeed negligible. There ap-
pears to be no reason why the combination of
body force and forced convection should change
this. From reference [2], the effect of the heat
capacity of the film is negligible if (1 + 0-34C,
(Tiar — Tw)/hs,)* is approximately equal to one.
If Cp/Tsar — Tw)/h;,isoneor less, the heat trans-
fer is changed by less than 7 per cent, and where
it is less than one-tenth, the heat transfer is
changed by less than one per cent. As an ex-
ample, for steam, the effect of assuming a linear
temperature profile would be less than one per
cent for (Tgor — Ty ) from zero to 100 degF.

Under the assumptions listed above, the liquid
film can be described by the continuity equation,
force balance and the energy balance across the
film, which are listed below:

oUu, dIp
S— —— = 1
X Y 0 )
_ PL— Py 0*U,
0= g o + vp Y2 ( )
( f
ki(Tsar — Tw) _ d
S*pch,, = 49X U,dY (3)

Since the vapor above the liquid film is at its
saturation temperature, it is merely necessary
to write the momentum and mass-conservation
equations to describe it.

oU oU 22U
Wax tVWay = @

ou, oV
ox tor 0 ©)
Utilizing the coordinate transformations
gX 1 U
Z = — = - = -
U2 Fr, Ui U,
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and assuming
L= Pv 19
PL
Equations (2)~(5), respectively, become
o*U
0=1+ EY%L (6)
']
Cr(Tsar — Ty) d
et T =4§—| U, dY, 7
Prihy, az)Vudtt 0
0

U,y Uy vy Uy
v 8
Uz + v Y, v, 0Y? ®
9z ' oy, 0 ®)

where

5= 5* (Re \*

X \Fr,
In equations (7) and (8) there still appear two
groupings of physical properties, although, they

are in nondimensional form. These two group-
ings will be represented as constants:

R = wy/v, (10)
H = CPL(TSAT - TW)/Pthfg (11)

The boundary conditions that must be satisfied
by equations describing this problem are:

X =0, =0, 6 =0
Y=O, Y1=0, U1L=O, V1=0
Y=w, Y= U =0 V=0

In addition, the following compatibility relations
must be satisfied at ¥, = ¢

UlLIJ = UlV‘é = Uy, (12)
(13)

Il cquation (6) is integrated with respect to Y,
there results

TL'& = TVI&

Y2
Ui = =5 + CX)Y; + CoX) (14)
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Application of the boundary conditionat ¥, = 0
and the compatibility equation (12) yields

(U, o). v
o= (o’ i 2) s

which describes the velocity profile in the liquid
film as a function of the two functions of X,
U,;and 6.

To determine the function U,; and J requires
knowledge of the shear at the interface and use of
the energy balance given by equation (7). The
momentum equation in the vapor layer must be
solved together with the shear compatibility (13)
to determine the interfacial shear.

If the edge of the viscous layer in the vapor
is defined to be at Y, = & + 4, the vapor
momentum equation (8) can be integrated with
respect to Y, from ¥, = sto Y, = o6 + 4 to
yield with the aid of equation (9)

I+ A

(15)

d do d4 upHU
Uuidy, — — - - 4 0L
dz YUY 4z dz S
3
(’}UlV’6+11
=R 16)
v, |,

where u = p/py-

In order to evaluate the vapor momentum
equation, it is next necessary to develop a
velocity profile for the vapor boundary layer.
The conditions that must be satisfied by the
vapor velocity profile are:

Y, =4 Uy = U, = Uy,
) U
Y, =0+ 4,Uy =1, ayllv =0

Proceeding with the development of the vapor
velocity profile, first define

[=Y —6 (17)

Then, since there.are three conditions to be satis-
fied, the velocity profile can be represented by

b 2
UIV:a+‘C‘+C“C“

T (18)
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Application of the boundary conditions

Yy =9 ¢=0 Uy =y
Yomo4d =4 Uyp=1 v _g
I
yields
_ NS )
UlV - Ul& -+ (1 b L’la)('z’ — Z_i‘/ (19)

Before substituting (19) into the vapor momen-
tum equation, Y, must be transformed to (.
Equation (16) becomes

4

d . dé  d4  pHU,,
dz S Uwdl -z ~az*t 5
0
=R )
‘6 o
Substituting (19) into (20) yields
U2, 4 77 . da
[T§' tasUe T ‘1‘5] ‘iz
2 4\ du,,
* (5 Cio 15) ° iz
1 do? 2Ro ,
555 tHHU + T = Uy
=0 (2

Equation (13) with the assumption of laminar
flow and application of the transformations used
previously together with the use of the dimen-
sionless parameters p and R becomes

U, | _ ROV,
v,

i22)

F) TGS FERF

Application of the velocity profiles defined in
equations (15) and (19) to (22) yields

U _0_2RU= Uy (23)
Equation (23) may be solved for
:__IS_(I “WUIB)_ (24)
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Thus equation (24) defines the vapor boundary-
layer thickness in terms of U and 6.
Substitution of (24) into (21) yields

R (U_ LAy N\ Wet &)
p\ 5 157 15/ (U, — 62
x (1 —Uyg)— %:l iz
U LAY 2R (A~ Uypo” U,5)0°
AT p (U,s — 62/2)
_ 2_R(U16/5 + 15U —
I (Uys — 8%/2)°
x (1 — 52)52] Uy,

dz
+ ulH + YU, — 52/2] =0

1 (=N

)

(25)

Equation (7) may be written in terms of the
liquid velocity profile.

3
d U,Y;
H=52 1611
iz )[4

0

2
+ %(Yl/é - Y%/8%) le:I (26)

Carrying out the operations indicated in (26)

yields
“2az T <T 3

Now the problem of combined body force with
forced convection has been reduced to the de-
termination of two unknown functions of Z:
U,; and §%. These two functions will result from
the combined solution of equations (25) with
27).

The solutions of references [5, 6] indicated
that, for body-force-only U,; and &2, both in-
crease as X *. For forced convection, reference [9]
indicates that U, , is a constant and 82 varies as
X. It would thus appear that U,; should be a
function of X, (Z), somewhere between a con-

as
dZz

27
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stant and a function of X*, and that  should be a
function somewhere between f(X*) and f(X?).
In the perturbation of the forced convection
problem reference [9] shows a linear first de-
pendence of the interfacial velocity on Z; how-
ever, this was based on the assumed form of his
solution. This does not guarantee that a singu-
larity in the first derivative of U, ; with Z does not
exist.

Thus it seems logical that U, ; and 82 could be
better represented by infinite series of the
forms

0% = Z¥ay + a,Z* + a,Zt + a,Z% + .. ) (28)

Uis = (bo + by Z* + b,Z% + b3Z% + .. ) (29)
Substitution of these series into equations (25)
and (27) and solving for the coefficients will
establish whether singularities exist at Z = 0.
The nature of equations (25) and (27) do not lend
themselves readily to solutions of this nature and
therefore are more readily solved by numerical
means. However, in order to numerically inte-
grate the equations, it is necessary to determine
the first order variation of U,; and é with Z.
Substitution of (28) and (29) into (25) and (27)
and solving for the first nonconstant terms i the
series yields the solution for very small values
of Z. Thus, for an asymptotic solution to the
forced convection problem there is obtained

0% = a,Z (30)

and

Ula = bo + b4Z (31)

These equations indicate that no singularities
exist for 6 and U ;. The coefficients a,, by, and
b, can be determined from the expressions

ab, = 4H (32)

b3[u*(H + 1) — 4/5 HR] + 8/15 HRb3
+ [44/15 HR — 2uH1b, — 28/15 HR

=0 (33)



and
38R 7 R
3bgu(H + 1) + = — abg + — — a,
[ Ol’l'( )+15/1a20+15/.[a'
1R 4R
— ayby — g;azbé - Spazb({l b,
3 7 R
I1TR 1 Ra2b}3
adbol—— + =) — azbo
30 2 30u
1R
- *(12:0 (34)
Su

Discussion of results

Numerical integration of equations (25) and
(27) are reported for one value each for y and R
and for three values of H over the range of Z =
0to Z = co. The values of p and R were selected
to compare with the experimental results for
Freon 113 of reference [10].

Typical velocity profiles for four values of Z
are shown in Fig. 2. These profiles are for Freon
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113 at 1 atm and at a Tgay — Ty = 40 degk.
For thiscase,at Z = 5 x 10~ * forced convection
prevails. At Z = 6:1 x 1073, both body force
and forced convection are important. At Z =
0-60, the body force is dominant with still a small
effect due to interfacial shear. At Z = 40-2. the
body force prevails.

Figure 3 shows the dimensionless heat-trans-
fer coefficient Nu Fri/Re? as a function of Z.
1/Fr,, for Freon 113 with (Ty,r - Ty at values
of 10, 40, and 70 degF. These values of (Tgay -
Tw) correspond to values of H of 000617,
0-02468 and 0-04319, respectively. As with the
analyses of other authors [ 1, 7, 8] for case of only
one driving force, the heat-transfer coefficient
decreases with increasing (Tguy Ty and
consequently with increasing values of H. The
dashed lines on this figure indicate the asymp-
totes to this problem. The dashed lines down-
ward to the right are the asymptotes for purc
forced convection and have slopes of —0-50 with
increasing Z. This indicates that the heat trans-
fer is independent of the Froude number and.

L/
0 0:5 i 0
[ [ T T T T T T i T
0-20 |~ =50 i-0
1 Z=40-2 ]
8 - B \;"
3
= =0 4
=060 Z20-60
0-10 |- - 05
- E
L
= . -3 4
Z=6+1x 10 Z=6-1x10
- _ -4 .
ST 10 Z=6x10 .
0-0 1 1 1 TR 1 L ) 1 L ) 3 4 0-0
0-0 0-5 1-0
ry/ @

Fic. 2. Velocity profiles for Freon 113 at ATgaq -y = 40 degF for several values of Z.
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thus, the Grashof number down to a Froude
number of about 2000. Conversely, the dashed
lines originating at the right are the asymptotes
for the case of body force only. The slopes of
these lines are —0-25 in the direction of increas-
ing Z. This indicates that, for Freon 113 for
Froude numbers less than 1-0, the problem is
nearly one of body force only.

Thus, for u = 210:29, R = 4495, both body
force and forced convection are important for the
range of Froude number between 1 and 2000.
Above 2000 the problem can be treated as pure
forced convection; below one it can be treated
as one where only the body force acts. If one
neglected the combined effects of the body force
with the forced convection in the region between
Froude number equal 1 and 2000, and instead
used the asymptote which would yield the larger
value, a maximum error of less than 20 per cent
would result.

Of some interest is the form of U, as a func-
tion of Z, Fig. 4 shows the nondimensional inter-
facial velocity for the three values of H. The
change in velocity is rather gradual until Z =
3 x 107> From this point to Z nearly equal to
one, the slope of the curve is gradually increasing.

10°
; TEMPERATURE DIFFERENCE
3 70deg F
5 40degF
10
10deg F
>N:
<
&
s 0L
= Q‘( ;
S A
2 of
107
]0"‘ poaad el il
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From Z = -0 on to higher values the slope of the
curve is +0-50. This is the region where the body
force prevails, and it follows the form of Koh [ 5]
for the case of body force only.

Comparison with other analytical solutions

The comparison of the analytical results of
this investigation with those of other authors can
be made not only for the area of combined body
force and forced convection (where little analysis
has been made previously), but also for the
asymptotes found in this investigation for the
cases of body force only and forced convection
only. The first comparisons will be made for the
asymptotes.

For the case of pure forced convection, the
asymptote yields a value of Nu,Re;* = 0465
for H = 002468, 1 = 21029 and R = 4-495.
Koh [8] gives Nu,Re; ¥ equal to approximately
0-490 while Cess [7] gives Nu,Re;* = 0-50.
This is a deviation of under 5 per cent from Koh'’s
solution [8], which is a solution of the forced
convection problem by means of a similarity
solution. The deviation from Cess’ solution [7]
is a slightly higher 7 per cent. However, Cess’
solution is only an approximate solution based

vemes w— FORCED CONVECTION ONLY

e BODY FORCE ONLY

107 1072

107

H llllln‘ Ll 132
1 0 I vi 3

10 10 10 10

z

FiG. 3. Nu,Fri/Re}, vs. Z for Freon 113.
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10
E AToptew”

70deg F

40 geg ¥
10deg F

14

>
30-2 E
-3 o bk sl gl ti b dsdadd RN ST R NN i) |
1022 3 = = 5 T
10 10 10 10 10 10 10
Z
F1G. 4. U, vs. Z for Freon 113 with ATgy -y = 10, 30 and 70 degk

on the similarity equations of Koh [8]. For the
other values of H calculated, the same agreement
is found with Koh's analysis.

For the case of body force only, the values of
local Nusselt number divided by the Nusselt
number which can be determined from the ana-
lysis of Nusselt [1] are plotted versus H on
Fig. 5. Comparison is made with the solutions of
[3, 5, 11]. In the range of H investigated in the
present analysis, all of the analyses [3, 5. 11]
reduce to Nusselt’s solution. The solution of
Sparrow and Gregg [3] gives a solution 4 per
cent above Nusselt’s solution at higher values of
H. The difference between Sparrow and Gregg's
solution and Nusselt’s was in the fact that the
former included the inertia terms. References
[5]and [11] show exact agreement with Nusselt
up to a value of H of 7 x 1077, and then they
show a decrease in the heat transfer for small
Prandtl number fluids and for fluids with a
Prandtl number of one. The three points deter-
mined for Freon 113 by the present analysis
indicate that the Nusselt number is the same as
predicted by Nusselt [1]. This would be ex-
pected since when Uy, = oU, /@Y, = O,
equation (14) simplifies to

U, =08Y, —(Y{/2) (35)

which is exactly the velocity profile determined
by Nusselt [1].

Figure 6 shows the comparison of the local
nondimensional heat-transfer coefficients for
combined body force and forced convection as a
function of Z, with the nondimensional heat-
transfer coefficients calculated by the method of
Rohsenow et al. {6] and by Chung [9].

The comparison is shown for H = 0-02468.
u = 21020, and R = 4495. From Chung [9]
there is only one point. the place where the heat
transfer deviates by 10 per cent from the forced
convection asymptote. This point falls exactly
on the curve determined in the present analysis.
The solution of Rohsenow et al. [6] gives the
same value as obtained in this analysis for the
local nondimensional heat transfer at the end of
the nondimensional length over which the vapor
shear was assumed constant. However. up to
that point it underestimates the nondimensional
heat-transfer coefficient. If, for example. the plate
had a nondimensional length Z, = [0 then,
over the first one-tenth of the length of the plate.
the nondimensional heat-transfer coefficient
would be underestimated and, over the remain-
ing nine-tenths of the length values, approxi-
mately the same as in the present analysis would
be obtained. However, for plates with a 7, less
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Pr=10
— Ly
1-0 = w "’/Pr—'l 0
3 o FREON 113 PRESENT ANALYSIS N
=0.03
N KOH, SPARROW AND HARTNETT (%) pr
s o8} — — konlM
~—— = = SPARROW AND GREGG!?!
0.5 Iy i lellll 1 1 lllllll‘l 1 L Lnnnulo 1
107 107 107 10

H

FiG. 5. Comparison of body-force-only asymptote with solutions of other investigators.

m+2 _
L THIS POINT FROM CHUNGM
P - —
+1 o~ PRESENT ANALYSIS
N 10 b ~
o - BODY FORCE ONLY
Q$ " FORCED CONVECTION ONLY
~ s o ROHSENOW! S wiTH +
N i - Vave
5 BASED ON 2, =1-0
S 6] -2
e O ROHSENOW'™! WITH + BASED ON Z =10
E Vave
[ fa ROHSENOW[é] WITH ~ BASED ON Z, =107
v 3
R AVE
-1 £ o tarind Lol ool Lob oo R ETYTY
107 L - - - ‘
10 10 10 10 10 10

Fic. 6. Comparison of analytical results for combined body force with forced convection with that of
other investigators M = 21029, R = 4-495, H = 0-02468.

than 1-0 the deviation becomes worse. It appears,
though, that if one used the technique of
Rohsenow [6] but altered it such that one divided
the plate into increments and assumed 1, con-
stant over each of these intervals, but of different
magnitudes, one would achieve a solution in
good agreement with this analysis. This can be
seen by observing the end points of the three

curves shown on Fig. 6 based on Rohsenow’s [6]
method but with different values of 7,,,.

Comparison between theoretical and experimental
results

In Fig. 7, comparison is made between the

theory for pure forced convection and the experi-

mental results for Freon 113 of reference [10].
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Fic. 8. Comparison of theoretical and experimental results for combined body force with force

The present theory shows as good agreement
with the experimental data as does Koh [8] or
Cess [7]. Reference [10] indicated that much of
the data scatter was probably due to the presence

convection from Freon 113.

of air in the vapor. However. the theory does
show agreement within + 20 per cent.

In Fig. 8, the data of reference [10] for com-
bined body force with forced convection has been
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plotted. The ordinate of this graph is Nu,Fri
Re;*H* This was chosen since the values
of (Tsar — Ty) for the experimental data varied
Reference [10] showed that the factor of H*

could be used to remove the dependence of
(Tsar — Tyw) of the experimental data for both
body-force-only and forced-convection-only
over the range of (Tgar — Tyy) encountered in the
experiment. However, it should be emphasized
that this type of correlation for the forced-
convection-only data would not hold over a very
wide range of (Tyoy — Ty). For the combined
body force with forced-convection theoretical
solutions obtained for Freon 113 with (Tgsr —
Tw) of 10 and 40 degF (which encompasses all
experimental data), it is found that multiplying
them by H* also reduced them to a single line
and thus validates the choice of the ordinate.
Again it is emphasized that the variation of the
dimensionless heat-transfer coefficient with H*
is not a conceptual fact, but it is a matter of
circumstance for the limited range of H in-
vestigated.

3. CONCLUSIONS

The mathematical results for the body-force-
only asymptote agrees favorably with all other
authors [1-5]. Good agreement is also shown
between the forced convection asymptote and
the results of Cess [7] and Koh [8].

For combined body force with forced con-
vection, the present analysis agreed with the
perturbation solution of Chung [9] for the case
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of large Froude numbers. Thus, the solution
reported appears to define the problem properly
and give correct solutions within the limitations
imposed by the assumptions made in the analysis.
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Résumé—On expose la solution du probléme de la condensation par film Jaminaire avec effets de la

gravité et d’un écoulement de vapeur paralléle i la surface et dans le méme sens que I’écoulement dans le

film. On suppose que les termes d’inertie dans le film liquide ont un effet négligeable, et que la distribution

de température & travers le film est linéaire. Les résultats théoriques sont donnés dans le cas du Fréon

113 et sont comparés avec les résultats expérimentaux. On démontre que, lorsque la force volumique et

la vitesse de la vapeur sont importantes, des erreurs sur le transport de chaleur allant jusqu’a 17 pour cent
peuvent facilement se produire lorsqu’on néglige ’'un ou 'autre de ces termes.

Zusammenfassung—Die Losung des Problems der laminaren Filmkondensation unter Beriicksichtigung
sowohl der Schwerkraft als auch eines, zur Oberfliche parallelen, gleichgerichteten Dampfstroms wird
hier mitgeteilt. Fiir die Losung ist angenommen, dass der Einfluss der Trigheitskrifte aur den Fliissigkeits-
film vernachlissigbar ist und die Temperatur im Film linear verlauft. Ergebnisse der Losung werden fiir
Freon 113 angegeben und mit experimentellen Resultaten verglichen. Es wird gezeigt, dass dort, wo sowohl
die Massenkraft als auch die Dampfgeschwindigkeit von Einfluss sind, bei Vernachlissigung der einen
oder anderen, in der Berechnung des Wirmeubergangs Fehler bis 17 prozent auftreten kdnnen.



648

HAROLD R. JACOBS

Au"HOoTamusa—B cTaThe NpHBENEHO pelieHMe 3a/a4M JAMMHAPHOM IIEHOYHON KOHZEHCALHM
IpH OZHOBPEMEHHOM BO3[[eHiCTBUU IDABHTANMOHHONK MACCOBOM CHJIE CIyTHOTO M IApPaJLesb-
HOTO K IOBEPXHOCTH TedeHUA napa. IIpefnonaraercd, 4To MHEPIMOHHEE YJeHH JJIA KULKOM
IJIEHKA UrPAIOT HEBHAYMTEILHYIO POJIbL U UTO TeMIepaTypa pacnpefeiAeTcA JINHeRHO Noneper
OJeHKH. PesybTars penieHuA npefcTaBieHH A1 ¢peona 113. JlaHo cpaBHeHne ¢ 9KCHEpH-
MeHTAIbHHMM peayiabTaramu. Iloxasano, uTo mpHM pacyere koaddumuenta rennzoobmena,
KOTHA KAk MaccOBaA CHMIA, TaK M CKOPOCTh IIapa MIPAIOT BAaMHYIO PoJb, NpeHeGperenHue
OJHUM M3 BTUX YJIEHOB MOeT mpuBecTH K oumbke no 17 %.



