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ABSTRACT

Taking covolume into account Abel’s equation of state has been used to derive differential
equation for continuous gas flow, taking into account area-change, wall iriction, drag, phase-
change, changes in molecular weight, gas injection and mixing. Analytical results for simple
heat transfer have been deduced and in the case of combined friction and heat transfer the
numerical results have been compared with those of perfect gas laws.

INTRODUCTION

The flow of compressible fluids has been drawing great attention of aeronauti-
cal engineers and other experts due to its applicability in a number of problems,
such as flow of air around wings and fuselages, while stream turbine engineers
have been interested in flow-through nozzles, ducts and buckets. In both these
instances the problems are simplified by the assumption of constant stagnation
enthalpy with no mixing of ejected gas or chemical changes. Recently Shapiro
and Hawthorne (1947) and Shapiro (1953) have derived equations for the flow
taking into account area-changes, wall friction, drag of internal bodies, external
heat exchanges, combustion or chemical reaction, mixing of gases which are injected
into the main stream, change of phase, change in molecular weight assuming flow
to be one-dimensional and have discussed some particular cases in detail. But in
such problems the assumptions that the gas is perfect, i.e. p = pRT, and specific heat
at constant volume, C', = constant, have been used explicitly. In practice, however,
either of these assumptions may be weak to some extent. For example, if the
process occurs at very high temperature but at moderate pressure as in the case of
Ram-jets, there may be appreciable variations in specific heat. On the other hand,
if the process occurs at moderate temperature, but is carried out at an extremely
high pressure level, as in hypersonic wind tunnels, there may be significant
deviations from the law p = pRT.

Rateau (1919) has discussed the deviations from p = pRT for a simple area-
change, i.e. flow-through nozzles. Donaldson (1948) studied in detail only the
isentropic flow of air taking into account variations of specific heat and deviation
from perfect gas.

In the present paper the deviations from the perfect gas laws have been taken
into account by using the Abel’s equation of state (eq. 1) and differential equation
for the flow, taking into account area-change, wall friction, drag, phase-change,
changes in molecular weight, gas injection and mixing, has been derived ; the method
closely follows that of Shapiro and Hawthorne. In addition analytical results for
simple heat transfer only have been deduced and for the case of combined friction
and heat transfer numerical expressions have been deduced and results compared
with those of perfect gas laws.
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AxarLysis oF FLow wrtH CONTINUOUS CHANGES, FOR VARIABLE
MoLEcULAR WEIGHT AND SPECIFIC HEAT

Assumptions : (a) The flow is one-dimensional.

(b) Changes in stream properties are continuous.

(¢) The gas obeys Abel’s law, i.e. covolume effects are taken into
account and it is assumed that covolume does not change with
temperature. Further that the gas has a specific heat which
varies only with temperature and composition.

Physical Equations and Definitions : Consider the flow in a duct between two
sections an infinitesimal distance dx apart. The gas is being injected at the mass
rate of flow dw, and liquid evaporates at the mass rate of flow dw;. d@ is the heat
added and dW_ is work delivered by the stream to external bodies.
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F1a. 1. Control surface for gas injection and liquid evaporation.

Equation of State : Taking covolume into account, the pressure-density relation,
in the Abel’s form, is )

1 RT

€==l . . .o .. . (la)
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80 that
dp _ de
P e(l1+¢€)’
The equation (1) then becomes
_eRT
Pr =3

Taking logarithmic derivatives, we get

dp de dT dW
_p__:_i__T__V .. .. .. .. (1d)

Velocity of Sound : The velocity of sound is defined by

dp
2 . L
C %

The adiabatics of the equation of state are

1 k
P (;—a) = constant

which gives

L RT _ _kRT(4e? o

2 = .
¢ 1—pa W(1—pa) w

or

. (2a)

dC _ 1 (dk dT_d_W) de
[ ETT W

c~32 14¢
Mach Number : From the definition of mach number
pe Vew
C2 = kRT(1+ep
dM2 _dv2 dW dT dk de

57 L Ay s we

M2 = (3)

. (3a)

Equation of Continuity : For the control surface of Fig. 1 the mass-flux is
w=pAV .. .. .. .. @
dw _dp d4d  dV

w P 7+—I7 - (da)

or
dw 1 de dA dV

w_l+e?+ATV - (40)

Here dw = dw,+dw;, and it is assumed that the injected gas streams are perfectly
mixed and diffused throughout the main stream and d4 is the change in cross-
sectional area occupied by the main gas stream only.

Energy Equation : Neglecting gravity effects, the energy equation for the control
surface of Fig. 1 may be written as

dQ—dW,+dH=o,dT+d(.‘§) e B
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where dH is an energy term defined by

| dw V2—V7] dw
aH = dhy,— [C,,U(T Tog)+~] = [hL_h,,+ s
and
dh,, = C,dT—dh, h depending on covolume also oo (Da)
1 (1 ;
Cpg = CpedT
23 T—TOEJTOE 3

Dividing equation (5) by €T and using the expression for mach number defined
above, we have

dQ—dW +dH c_ll’ k-1 oars @VE ;
Cj,T +“(1+ 2Me Ve .. .. (8b)

Momentum Equation : The net force acting on the material within the control
surface of Fig. 1 is equal to the increase of momentum flux of the stream flowing
through the control surface.

Then following Shapiro’s procedure we have

—Adp—1- 4f%c pAVZ—dX = wdV4(1—y)Vdw .. .o (6)

where

dw _ tl_wf dw;

w o w | w

dw dw dw

Yoo =Y
dw d'wg dw;,
(1 —?/)7 = (l_yg)7+(1—yL) o

and

, ,
Vi

Yg = 'I_/E ’ yL = vV
(6) may be written after dividing by wv as

Ap dp dr pAV2 dX dV dw
wy p+ f wv+ + +l~)_

and then with the help of equations (1) (3) and (4), we have

1 dp
T+e

Impulse Function : The impulse function is defined by

)+kM2 +kM2§K~0 .. (6a)

o Hka (

2
F = _pA +pAV2 = pA (1-{-%—)

= pA[1+k(1+€)M2] Y )

The change in this function represents the total force exerted by the solid bound-
aries on the stream, It is of special importance in propulsion systems for evaluating
the thrust.
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In differential form, it may be written as

dF _dp dA A4k M2 [dM2 de]

T T+ teen? | e T % T e (7a)

IInd Law of Thermodynamics : Taking into account the entropy changes due
to injected gas and liquid we can write for unchanged chemical composition

.d§=ds+(s—sg)—+(a—L)f'lﬂ R )

where d3 is the total entropy change per unit mass of main gas stream,
and

ds =C, [ (8a)

a7 k-1 dp]
T "k pl

Working Equations and Integral Relation : There are eight sets of equations
relating different parameters in the differential form. But the most basic of these
are the five relations expressed by (18), (3a), (4b), (5b) and (6e¢). Among these are
eleven variables. So six may be chosen independent and five dependent. The
independent variables must be such that they are easily controlled in practice.
Hence we choose these as indicated below :

Independent Dependent
dAjA dM2/ M2
(dQ—dW +dH)/C,T defe
(4fﬁz+é—%,— y‘f—zj) aviy
dw/w dp/p
dWiW ar|T
dk/k

. . dp dF
By means of these relations we can easily deduce expressions for ;p, 573 and

Qi

Eliminating %E from (16) and (4b), we have
1 dp d4 dV dw 1 dT 1 dW

and then (6a) gives

dA dr dX dw\ | 2d_'w___ 1 dW
— g T kE (4f B+W’2yz)+z’°ﬂ THe W
av 1 4T
= (1—kM2 o B )
(—kM) 5 — e 7

and equation (5b) is

dQ — dW,+dH _dT . av
0,7 7 TE=) M2+t
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We have, after algebraic calculations—
1
av 1 dA T4e dQ—~dW +dH

v 1_M2+<k-1M27+1_M2+ek_1M2 c,T
kM2 ( de dX _2 dw)

1—M24ek—1 M2 Yotper ¥ w).
1
14+kM2 dw T+« aw
1—M2yeh—1M2 @  |—M2yck—1M2 W

and
dI _(k—=1)M2 (14¢)2d4 1—kM2 dQ)—dWw +dH

T 1—-M24ek—1M2 A " 1—M24ck—1M2 C,T

M (k-1)M2.(—e)? ( dx dX dw

(f 1 —2y—

l—M24ek— 1 M2 ot fwV w
(kM) (k—1)M2 . (1+e)2dw  (k—1)M2. (14¢) dW
1—M24ek—1M2 w 1—M2+517:—1M2 w

(9b)

Then with the help of (6a), (4b) and (3a) we get
dp _ (14e)kM2  d4 kM2 _ dQ—dW +dH
P 1-M24ek—1M2 4  1—M2+4ek—1M2 C,T

_ M0 414 k—1M2. (1+¢)] (4fdx X _, d_w)
Y
1— M2 4 ek—1M2 oV w

k—1
2(1+e)kM2[1+—2—M2(1+€)] dw M2 dw
- —+ =y (%
1—M24ek—1M2 W 1—M2tek—1M2 W )

1
1 de _ M2—ck—1M® d4 T+e dQ—dW +dil
I+ee 1_Mepek—IM2 4 1_M2ick—IM?2 CpT
3eMe2 @_{_ dX _, dw
1-M2+€k 1Mz(fD Vv Y
L
e(k—l)Mz—(k+1)M2dw+ 1+e dw
1—M24-ck— M2 1—M24ek—iM2 W

k=1 —2
ame_ ar _ 2[1+eM2+——2—-M2 (1+e —2e2)] id
T = A
1— M2+ ek—1M?2 4
(14+kM2)  dQ—dW, +dH
— M2 el—1 M2 c,T

. (9d)
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k—1
+(1+e)kM2[1+—§——M2(l+e)]( b dx @)

X
4f— 4 = _
1—M24 ek—1M2 D+in Y w

2 [(1 +kM2) (1 +5=1 e 1—+52) +eM2(k+1—em)]
+ 2 duw
1— M2t i~ 1 M2 w
2 7
14k M an (92)

O I—M2yek—imz W

In addition to the above relations in the differential form we have the follow-
ing relations

7 1 ko—1 o 2
Q—W.+AHC, T, [1+2—2» (TF e M) ] o,

by—1,—
X [1+ 12 (1+51M1)2] —(C,,Z—O,,I)Tr;-Tz
Te O, +C
where J AT o~ ”_12*_"_2(7’2—7’1),
T

1

pe_wa Ay M, [T, Wik,

1w Ay My N Ty A Wk,
P _ wad Vy _€lteq .. (10)
Pl 701A2V2 €1 1+62

Vo _(I4e). My [WiksT,

V‘ (1+€1).M1 U’vglel

Fi 7 pr Ay 14k (146) M3
€2 P T Wo

I’rlkg i

wy 4, M,y /‘Ti \/ W gky

Frow wrTH CONSTANT MOLECULAR WEIGHT AND SPECIFIC HEAT

In a number of problems, where molecular weight and specific heat variations
are of secondary importance, we can further assume that

AW =dC, =dk =0
and
Wi=Wsy; Cpp=Cpp k1 =ke

Stagnation Temperature and Pressure : From the very definition, the stagnation
temperature corresponding to a given state is that temperature which the stream
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would assnme if it were adiabatically decelerated to zero velocity. Then, from the
energy equation we have

Ve
0 =0, dT+d (?) = CpdTy+0

Vz Ve
or T0=T+2 (1+2C'T

or To=T [1 +k_;l M2(1+e)2]

(n

Introducing 7', in the energy equation, the latter may be written as

dQ—dW,+dH _ dT, 9
—————6—7,———* TO [1+_M2(l+6)] . d ( )

This shows that the change in 7', is a measure of the total energy effects pro-
duced by heat transfer, shaftwork, etc. So that we can replace the parameter
Wﬁ v dTO[ +.__M2(1+€)2]
c,T

So that in terms of stagnation temperature for constant molecular weight and
specific heat we have the following working equations : .

1 k—1
— P 2 2
W 1 u T [1+ M <1+e>]dT0
4 1—M24ck—1M2 4 1— M2 4ek—1M2 To
WM (v dX _ dw
1—M2+eI:iM2( Dtjwr =¥ %

14kM2  dw

—— (12a)
1—M24ek—1M2 @
k—1
d_T_ (k—1)M2({1+¢€)2 _‘1_4 (1=-kM2) [1+‘“.?:“ M2(1+€)2] dT,
T 1-M24ek—1M2 4 1— M2 4-ck— 12 Ty
_ eM2AE—1)M2(1+e)2 (f +__ 2 d_w)
1—M24ek—1M2 w
_ (L+EM2)(—1)M2(14€)2 dw (120)
1—M24ek—1M2 W
k-1
dp (el d_4_"M2 [1+——2 M2(1+e)2] i,
P 1-Myck—1M2 4 1—M24ek—1M2 Ty
_ M2 +e)[14+k— 1M1 )] (4fdx+§:‘f_ _oy W )
1—M24ekb—1M2 ¥V
2(14-€)k M2 [1+'3—;-1~ M2(1+€)]
el dw (12¢)
1~ M24ek—1M2 w
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1 k—1
14572 M214e2
1 de  M2—e(k—1)M2 (14_1+e[ NE (“L‘)]g:ﬂ,
It+e e J_M24ekb—1M2 A 1 — M2+4ek—1M2 T,
kM2 iz dX dw
2
- - DY Pt S, Phobu
1—M24ck—1 M2 ( ! Dt per T ’w)

e(k—1)M2—(k+ 1) dw

Ak (12d)
V- M24ek—1 M2 W
. k—1 2
(1M2__2[1+‘M2+ 3 Mz(l+e_2‘2)] A
M2 1—M24ek—1 M2 4
k-1 .
(1+kM2)[1+-T. Zl[l(1+e)2] ,
+ - d_TQ
1—-M24ek—1 M2 Ty
EM2(14¢) 145! M2’1+s)] »
2 ! 4 dx dX 5 dw
+ == oty —2
1-M24ek—1 M2 D " lwh w
F—1 2 ] e
2[(1+kM2)(1+_2_ M21——)+eM2(k+]—ek—l)] due
+ te o . (12¢)

1—M2+4ek—1M2 w

Stagnation Pressure: We know that in an isentropic case all states along the
channel lie on a line of constant entropy and have the same stagnation temperature.
The state of zero velocity is called the isentropic stagnation state. All states with
the same entropy and the same stagnation temperature have the same isentropic
stagnation state. When a stream with a given p, 7’ and V is decelerated to zero
velocity, the final pressure will be less than the isentropic stagnation pressure if the
deceleration is irreversible, but the final temperature will be equal to the adiabatic
stagnation temperature for either reversible or irreversible deceleration.

From the equation of state and its adiabatic relation we have

k

po _ (To\*! k—1 A1
;0 —_ (7’9) — [1_*___2_ M1+ €2) .. .. (13)
and using equations (12), we get
dpy _  —e(l+e)kM2  dA  WM2M2(1+e)2 —(1+¢?)] dT
Po 1—M2pek—1M2 4 1—M24ek—1 M2 To

eM2(14€)(1—M21+e¢) ( dx dX dw)
- df e 9y
_arrasii DTy T

kM1 4[] —M2—e [+ MZ] dw (134)
1—M24ek—1 M2 w
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Further from equations (8a), (12b) and (12¢) we get
k—1

1—=M2)| 14" M2(] —€)2

(1—M2) [ o5 M 1—g) } o

ds _ e(l+e)k—1M2 dd4 dT,
C, 1—M2tek—1M2 4 1—M24ek—1M2 T,
k=1 M2(14¢€)(1 — M2—eM?2)
+ 2 4f§£+ii_.xl_ —2 d_w
1— M2 4ek—1 M2 ( Dy~ w)
— 2 —_— U2 2
+(" DM +e)(1—MP—el + M7) dw o .. (13b)
1—M24ekb—1M2 w

d
and corresponding to equation (8) we have a similar expression for 6‘5 .
b

Also in the present case we have

dF 1 d4  YeM214¢) [, dx dX dw
F 1474 ekM2 A 1+1+e.IcM2( fD+%wV y W) (130)

Further integral relation (10) becomes in this case
Q—~W,+4H = Cy(Tos~T¢,)

k-1 .
—_— 2
&_TozH— 5~ (1+e1)2M;

SIS P Y PR,

*
k-1

k~1 5
T4 M (14¢p)2
° 2 2
Poz _ P2 o (19

Po1r P 1+k_2_1Mf(1+€1)2

where 72 jg given by
¥ 31

F—1 ;
[ Gk

P w0y Ay MEN Ty J1+@§1(1+52)2M§

SivpLE Typrs or Frow

A simple type of flow is that in which all but one of the independent variables
18 zero.

Thus in simple area change—friction, stagnation temperature and gas injections
—effects are neglected. This case has been dealt with in detail by Rateau. Similarly
in simple T, change—area change, friction or gas injection—effects are neglected.
In each of the simple types of flow the specific heat and molecular weight are
constant. For several types of simple flow analytical or numerical relations can be
obtained. For example we consider here simple To— change. The following
analytic equations govern the process :
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v _ d,

1 k-1
— 2, 2
[l+ 5 M(l+e)]dTo
1—M24ck—1M2

k—1
dT—(l-—IcM2) [1+———2 M2(1+e)2] i,
ol _ _T:

T 1—M24ek—1M2
kM2 1+'311M2(1+e)2]
dp _ _ 2 Ty
P 1—M24-ck— 1 M2 Ty
1 k—1
[ P 2 2
1 a0 g,
14ee 1— M2+ ek—1 M2 To
k~1
2 — 2 2
. dM2=(1+IcM)[1+ 2_5!4 (1+e)]%
M2 1—M24ek—1M2 To

From the last two equations (15¢) and (15d) we have

de k 1
= (mm‘m) Lk
Then integrating between the sections
M=1¢e=¢c*and M = M, ¢ = ¢, asterisk denotes the value where
mach number is unity, we have
e  14-kM?2
& (I+k)M2

Similarly
T  (1+k)2M2
T~ (14kM2)2
P k+1
p* 1+kM?

k41

y UHRF

S—8* 1
= Z+1

c, 23
(14+kM2)

and entropy change by

Now from the equations of continuity w = pAV and the relation

pa = €
a—l-l-e

for simple Ty change, we have
V e *
=B (1— :)

_Q+byz o 1-M2
14+kM2 " 14+kM2

243

(15)

(15a)

(15b)

(15¢)

(15d)
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where
o
B=gvs

Then
PV _ (R 1
p - V* 1+kM2+ 14-kM2

Furthermore, we have

Ve
To=T455
P

To—T V)2
To=T)* ~ \V*

Also
3
b1 k-1
Po=p [1+—2—M2(1+e)2]
LA
k—1 k-t
14———M2(1 2
Po_ P + ) (1+e¢)
* T Tk —_
p, P 1+l‘2_1(1+€*)2
also ‘
1 ——HMZ 1 2
T, T + 5 (1+¢)
o .
TO T 1+lc_5_1_(1+€*)2

Since in most of the cases € is small and we have assumed that covolume does
not change with temperature, an average value of e can be taken over the region
in consideration so as to simplify the calculations.

ExaMPLE oF CoMBINED FRIOTION AND HEAT TRANSFER

The mechanism of friction and heat transfer are so closely associated with each
other that one cannot be without the other. So to discuss this problem we will
assume the area, specific heat and molecular weight all to be constant.

In an infinitesimal duct length dz, the rate of heat transfer expressed by
means of energy equation in terms of increase in stagnation enthalpy or by means
of y-coefficient of heat transfer, in terms of (7y—T1"y), is

wdQ:ZszVC,,dTO= xtD(Ty—=To) .. .. .. (16)

The Reynolds analogy—relative friction and heat transfer coefficients give a fair
approximation for subsonic flow—is expressed as

x__f
C,pV 2
from equation (16),
dr, (T,,, T,,,,,) dr
—_— = e — 2f — .. - . .o (17
0 o To D :
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Then with the usual definition of the recovery factor
_ To=T _T4—T

= T,—T = V20, (18)
and from the expression for stagnation temperature we have
k—1 3
T (1—r) 5= M1 +¢)’
To —
o 14570 21 e
from (17),
] 1= =1 a1y ey
ir, |r, | U0 HA+aT 4
T =71+ of . .9
(] 0 k—1 9 2 D
14+ M¥(1+¢)
This on combination with equation (12¢) yields
iz T ' —
. M2.2f—g 1 - (l—r)k21M2(1+e)2
dM* = e (1+ M2(1+e)2) = =1+
|—M 4 ck—1M* 2 To k=1 0 2
14+=5= Mi(1+e)
X (1 +kM2) 42k M2(1+€) (1+’i;—1M21+e) .. .. 20)

Morcover, when the flow is subsonic, the adiabatic wall temperature T',, does
not differ much from the stagnation temperature 7'y and the error caused would in
any event be still less if T, is considerably in excess of 7T,,. Assuming that this
substitution is permissible—which amounts to r =1 (for 7, = T'3) we have the
following M —T'q relation in the differential form

2T, aT,
2 — Z-e
aM [FT°+TW—T0 F/] T, (21)
where
. k-1 —g
M2(14-kM?) l+-——2——M2 l14¢€

¢ 1—M2+4ek—1M2

kM4(1+¢) (1+k%1 M21 +e)
Fy= S - .. .. .. (218)
1—-M24ek—1M2
To proceed with this equation we assume that the wall is at constant tempera-
ture, i.e. T, is independent of z. Hence integrating between sections (1) and (2),
we have

Ts 1
df(wg—z) _, To—Tor _ Tor
3. 5 = log - = log ZL{ Tos

Tor  Tor

(22)



246 J. N. BERI: COVOLUME EFFECTS IN ONE-DIMENSIONAL GAS FLOW

This for initial value of Ty and known values of f, D and T, gives Tq as a

function of .
As it is not possible to integrate the equation (21) in the present form we

proceed to compute variations of M with distance numerically.
We consider, as an example, the particular case

f = 0-0005
M]_ = 0'5
Tw
— =3
Tol

To,
and specify section (2) as that section downstream of section (1) where T— = 1-05.
01

The location of section 2 is found by direct substitution into equation (22),
yielding

Zg—q 3— 5
> 0011g3 10r1284, @

i.e. section (2) is 1-284 duct diameters downstream of section (1).
Equation (21) is now integrated approximately in finite difference form over the
short interval between sections 1 and 2, the approximations being
(i) that the coefficient of d7'y is constant at its mean value during the

interval, i.e. Fr, and Fy are calculated at M = M 1-;-M 2
(i) that
—_— Tol +T02
0= T

Ty To~To,
T, %(T02+T01)

and (iii) that since covolume effects are small and as we have assumed
that covolume does not vary with temperature, we assume an
average value of € - ¢; in the short interval between the sections
(1) and (2). Corresponding to k= 1-25 we choose covolume
a = 0-96 for p = 0-2 s0 that

€0 = ¢ = 0-238.

Then the approximate integration yields

M—M2_2(T°2 ) Fry n T 2F, . .. (24)

Tox

which as per our assumptions may be written as

M:=025+01[0488F +0506F] .. .. .. (25)
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This may be solved by means of iteration. Frg and F; are functions of M s and

€o while M, is not known. We proceed as follows :
TriaL I: We guess that M, =060, Then M= M‘.;Mz

corresponding to our assumptions for this value of M, Fyy = 0-609
and F ;= 0-208

= 0-55 and then

Then from equation (25), we get M, =~ 0-538.
We guess that M, = 0-532. Then at M = 0-516

we get Frg = 0-496
and F; = 0-153

TrIAL IL ;

Then from equation (25) we get M, = 0-531
Proceeding a step ahead we try M, = 0-5308 and find that this

TriaL IIT:
makes the solution converge with sufficient accuracy.

l.‘js[-
{-30f
PERFECT GAS LAW
1.25+
WITH COVOLUME
1.20
e
E .15
110
[Te]
.00 i 1 1 i "
o X 0-6 o 0.8 0.9 1.0
M _—-—)

Fra. 2. Variations of stagnation temperature with mach number.
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T/] T =

3B

|-3I- PERFECT GAS LAW

\

WITH COVOLUME

1 ! i i J

Q
0.5 0.6 07 0.8 09 10

M —

F1a, 3. Variations of temperature with mach number.

PERFECT GAS LAW
N\
o.8f
ok
/
o6 WITH COVOLUME
©3s o6 o7 o8 X o

H —

F1a. 4. Variations of pressure with mach number.
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The corl:espond'mg values of all other quantities at section (2) may either be
found by solving the other differential equations or more easily through the relations

k-1 _.,
= 2
ZE_T°21+ 3 M (1+e)
T, Top,, k=1
PO = M (1t e)?
fOT€1=€2=€0 .. .o .e --(260)
P2 Ml\/ﬁ
L= [, .. .. .. .. (260
P M, T, (265)
and then
e p T,
S = .- .. .. .. .. (26
e 7T, (26e)
&
Poz __ P2 (Toz/Tm)k'] ,ete. .. .. .. (26d)
P i\ Te/T,

INustrative results of caleulation for combined friction and heat transfer in a
constant-area tube, showing deviations from the results when covolume is absent,
with

= 1-25

are shown in Figs. 2, 3 and 4.
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