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Abstract-A finite-difference procedure has been developed forca1culating two phase flows with heat transfer
in parallel, reverse and mixed flowmanifolds. The flowsare assumed to be homogeneous and one dimensional.
An iterative numerical scheme is used to solve the differential equations for longitudinal momentum and
continuity, while in the lateral direction an integral equation for momentum is solved. Numerical predictions
compare well with the available experimental results for a combining flow manifold. The effectoftotal flow
rate, heat input on the lateral flow distribution and pressure drop characteristics have been demonstrated.

I. I~TRODUcrIO~

A MANIFOLD can be described as a flow channel
(commonly known as header) having a number of
discrete openings in the side walls (known as laterals)
through which the fluid enters or leaves the header. As
illustrated in Fig.l,simpledividingandcombiningflow
manifolds are the two basic types of manifold. Parallel,
reverse and mixed flowarrangements are combinations
of the basic dividing and combining flow manifolds.
Parallel, reverse and mixed flow arrangements are
commonly used in steam generators for heating water
to steam. The water is distributed in the lateral
branches through the dividing flow header and is
heated while flowing through the branch pipes. The
combining flow header collects the water and steam
mixture.

A designer often needs to know the exit quality of
steam and the pressure drop, as well as the extent of
non-uniformity in flows through lateral branches for a
given heat input.

The flow field in the header of manifold systems can
be regarded as l-dim, for many practical purposes.
However, due to the elliptic nature of the flow in the
header, the Bernoulli equation cannot be applied. On

r\O:\IEr\CLATURE

A,B,C,D coefficient of finite difference
equations

aH area of header
aL area of lateral pipe
Cd coefficient of discharge for lateral

branches
CT turning loss coefficient
D diameter of the header
d diameter of the lateral tube

J friction factor
g acceleration due to gravity
G mass velocity in the lateral tube
L length of the lateral pipe
1 length of the header
/I number oflateral branches
p pressure
Q total flow rate
q flow rate through lateral branch
ss.; normalized residue of continuity

equation
RSmom normalized residue of momentum

equation
S perimeter of the header
1/ velocity in the header
v specific volume
vrg difference in specific volumes of

saturated liquid and vapour
Vn specific volume of liquid at inlet

temperature
x longitudinal direction
xo dryness fraction

Greek symbols
p density
JI viscosity

* Present address: CHAM of North America Inc., 3400Blue
Spring Road, Huntsville, AL 35810, U.S.A.

Subscripts
f
g
i
ref
SP
TP

Superscripts
c
d
p
II

*

liquid
gas
index for grid node
reference
single phase
two phase

combining header
dividing header
pressure correction
velocity in heater
approximate
correction
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2. PREDICfION PROCEDURE

Gocerninq equations
The equation of motion governing the flows in the

systems shown in Fig. 1 can be written as follows:

longitudinal momentum equation for headers

du dp f pu2S

CTPu-= ------ (1)
dx dx 8 au

continuity equation for headers

the other hand, it is necessary to solve simultaneously
(I) the longitudinal momentum equation and (2) the
continuity equation in the header, and (3)the discharge
equation in the lateral branches to obtain the static
pressure and the two components of velocity. Early
authors [1-3] combined the three equations to obtain
one ordinary differential equation called the flow
distribution equ ation. With the appropriate boundary
condition, Bajura [1] obtained an analytical solution of
the flow distribution equation for frictionless flows . For
viscous flows an iterativesolution has been obtained [2,
3] by matching the given boundary conditions.
However, in such analytical models [1-3], the headers
were assumed to be uniformly porous inste ad ofhaving
discrete lateral branches. Since these formulations do
not allow for any property variation, an extension ofthe
calculation scheme to the prediction oftwo ph ase flows
cannot be developed. Recently . one of the present
authors [4] developed an iterative numerical
procedure for calculating flow distribution in a dividing
and combining flow manifold; this has since been
extended [5] by the present authors to cover the
calculation of flows in parallel and reverse flow
manifolds. The iterative numerical scheme originated
in the SIMPLE (Semi Implicit Pressure Linked
Equation) algorithm of Patankar and Spalding [6].
Unlike earlier analytical models, the proposed
numerical scheme [4] can allow for property variation
in the flow domain and for a more realistic
representation oflateral branches in the mathematical
model.

The present paper is concerned with the further
de velopment of the numerical scheme [4, 5] for
predicting homogeneous two phase flows with heat
transfer. The method is first tested by predicting with
reasonable accuracy the experimental data [7] in a
combining flow manifold for an air-water mixture.
Then heat transfer and flow calculations are performed
for parallel, reverse and mixed flow manifolds with
different input variables.

IIII' = Xollg+(I-xo)IIC' (7)

The quantities LsI'and Lypare calculated according to
the following formulas. The enthalpy rise across the
tube is

(8)
heat input

t1i = ---,--""::"'--
water flow rate

The length of the tube with single phase flow, Lsp, is
given by

enthalpy of saturated liquid
Lsp -enthalpy of inlet water

L t1i

coefficient, is introduced in the convective term of
equation (1) to account for the change in pressure due to
turning of the fluid stream. The physical significance of
CT has been explained [4]. Kubo and Ueda [7]
determined the values of CTby performing experiments
in combining flow manifold with an air-water mixture.
The last term on the RHS of equation (I) represents
fluid friction.

The RHS of equation (2) can be regarded as the
source term of the continuity equation. In a dividing
flow manifold the source term is a negative quantity as
the control volume is losing fluid through lateral
branches whereas it becomes positive in a combining
flow manifold due to the entry of more fluid .

The liquid in the lateral tubes is heated uniformly
over its length by a uniform heat flux. It is assumed that
a length ofthe tube, LsI" is required to preheat the liquid
to saturation temperature. The rest of the tube contains
a mixture of vapour and liquid. This two phase flow has
been analysed by homogeneous model flow assump
tions. Under the homogeneous flow model assumption
for two phase flow, the equation connecting the
pressure drop and the flow rate in the lateral pipes is
given by [8]

t1P = G2[2lspLspvc + 2fIpLTP vc
D D

x(1 +x;:;g)+ (VC-Vfi)+vcgXO]

+ gLsp+ gLyp In (1 +Xo vr g). (4)
Vr VrgXo Vc

The first and second terms of equation (4) denote the
frictional pressure drop for single phase and two phase
conditions, respectively, where the friction coefficients
lsI' andfTP are given by

lsI' = 0.079 (GD)-O.2S, (5)
Pc

fTP = 0.079(GD)-O.2S, (6)
IITp

(2)
d

-d (pilau) = q/l
x

The acceleration of the water due to a change in
specific volume produces a small pressure drop. This

q = KGaL (3)

for di viding flow header K = -I, and for combining
flow header K = I.

A new coefficient Cn called the turning loss

Lyp = L-Lsp·

(9)

(10)
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drop has been accounted for in the third term of
equation (4).The fourth term of equation (4) represents
acceleration pressure drop for two phase flow. The fifth
and sixth terms of thesame equation denote the single
phase and two phase gravitational head, respectively.

Pex.:t

Boundary conditions
The velocities at the two ends (x = Oandx = 1,Fig.l)

for different configurations of the headers are given as
follows:

Dividing flow header at

x = 0, II = lIi nl e' = Q/pall (11)

L

P,nle' 1 I I

-x,U P,

(0)

and at

x = 1, II = 0

combining flow header
(i) for parallel flow at

x = 0, II = 0

and at

x = I, II = lIexil = Q/pall

(12)

(13)

(14)

(b)

(ii) for reverse flow at

x = 0, II = lIexi l = Q/pall (15)

and at

x = 1, II = 0

(iii) for mixed flow at

x = 0, II = 0

and at

(16)

(17) ! 1
___ '----' L---' I

(c)

x = 1, u = O. (18) FIG. I. Schematic diagram for (a) parallel flow manifold, (b)
reverse flow manifold, and (c) mixed flow manifold.

(pa/lll)i-qj-(pa/lll)i-I = O. (24)

In the present numerical scheme, a straightforward
use of equation (24) will not be made. Instead a pressure

u and Pare the velocity and pressure respectively in the
concerned header. According to homogeneous flow
theory, average density for two phase flows are
determined. The control volume for continuity appears
in Fig. 2(b). Mass conservation equation in finite
difference form can be written as

(23)

(21)

(22)

(20)

Di = -(Ai+B't),

Grid
In the present numerical scheme, the 'staggered grid'

arrangement has been employed. Such grid arrange- where
ments have been applied earlier by Majumdar [4] and
Datta and Majumdar [5] in the analysis ofsingle phase
manifold problems. The arrangement is shown in Fig. I.
The main features of this system are that the velocities
are located between two pressure points and other
scaler variables, if any, are located at pressure points.
This has the following two advantages over the
conventional system, where all scalar and vector
properties of the fluid are located at the same place:

(a) this is conceptually simple, i.e. the pressure
difference driving the velocity; and

(b) velocities are available at points where they are
needed for the mass balance around a control volume.

Finite-difference equation
Integrating the momentum equation (1) over a

control volume as shown in Fig. 2(a), the finite
difference equation can be written as

Dillj = AillHI +Billj-I +a/l(pj-pj+I)+G (19)
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.
Ui_1 {~,..'"'., (01

q = (pallu*)j_1 -(pallu*)j-qj,

Df=Af+Bf.

(27)

(28)

(29)
v

Velocity correction equation.

Ui_1 •
i

U; (bl
r (all) (' r )u, = D" j pj-Pi+1

and

(30)

(31)

n

L [Druj-Aruj+ I -Brlli-I
i= t

RSmom = -----------------

(32)

(iii) Equation (25) is solved by TDMA for the
pressure corrections. Subsequently velocities are
corrected by equations (30)and (31) to bring them into
conformity with the continuity equation. With the
corrected velocities, the pressures are now calculated
using equation (19).

(iv) Steps (i}-(iii) are repeated until the momentum
and continuity errors are reduced to a pre-assigned
small value. Fractional errors of momentum, RSmom'

and continuity, RScon, are defined as

correction equation will be derived from this equation
as suggested by Patankar and Spalding [6] in their
SIMPLE (Semi Implicit Pressure Linked Equation)
algorithm. According to SIMPLE, the purpose of
obtaining the pressure correction equations are two
fold. First, pressures are to be corrected. Secondly,
velocities are corrected through a linearized momen
tum equation so as to satisfy the continuity. Later
Spalding [9] proposed a modification (SNIP) to
SIMPLE where he suggested using a pressure
correction to correct velocities only. The pressures are
determined by a new integration of the momentum
equation while integrating the pressures, corrected
velocities should be used. The present scheme employs
the SNIP as outlined below.

FIG. 2. Control volume for (a) momentum and (b) continuity
cell.

and

(3) With the same lateral flow distribution qi, the
combining flow header is now considered. By repeating
the steps 2(i)to 2(iii)for combining the flow header, the
longitudinal velocities, uC

, and pressures, p", are
calculated.

(4) The pressure drop, t1.p, in the lateral pipe is now
determined from the difference of pd and p", Using
equation (4), a new lateral flow distribution qt is now
calculated.

(5) It is likely that the predicted lateral flow
distribution, qt, willnot conform to the prescribed flow
rate Qas the pressures (pdand pC) which are used for the
calculation of qt, are based on some guessed lateral
flow distribution. The error, .1Q, can be written as

Solution procedure
The present numerical scheme consists of the

following sequence of calculations:

(1) Initially the prescribed total rate, Q, isdistributed
uniformly through each of the lateral tubes. To start the
iteration procedure the pressures (pdand pC) are initially
guessed.

(2) The dividing flow header is considered first and
the following iterative procedure has been employed:

(i) The finite difference equation for momentum
[equation (19)] is solved by Tri-Diagonal Matrix
Algorithm (TDMA) to generate an approximate
velocity fieldu*. During the iterative cyclethe pressures
obtained in the previous cycle are used for calculating
11*.

(ii) The 11* values are in general not compatible with
continuity because an incorrect pressure field has been
used. Therefore the following correction equations for
pressures and velocities are derived from continuity
(derivation appears in Appendix).

L laIlPui-l-panUj-qi!
RS

con
= _i=_l_----:----: _

n

t1.Q = Q- L qt.
i= 1

(33)

(34)

(35)

Pressure correction equation.

(25)

where

(6) The lateral flows are to be corrected to eliminate
.1Q; a uniform correction is applied to all qr's.

* .1Qqj=qj +-.
n

(26) Pressures in the dividing flowheader, pd, are once again
calculated employing equation (4).
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FIG. 3. Comparison ofthe predicted lateral /low distribution with the measurements of Kubo and Veda [7].

(7) Steps (2H6) are repeated until !:1Q/Q reduces to a
pre-assigned negligible value.

It may be mentioned here that the same calculation
procedure with little modifications can be applied for a
simple dividing flow manifold or a simple combining
flow manifold. The simple manifolds consist of a single
header and one of the two pressures pd and pC is calied
P"r. The pressure drop !:1p will be defined as !:1p =
(pd _ P" r) or (Prer - pC). The details are given in ref. [4].

J. RESULTS Al':D DISCUSStO="

Computational details
In all computations described below, the conver

gence criterion (RSmom ' RScon and !:1Q/Q) were set at
0.005.The numberofiterations necessary to achieve the
above criterion were mainly dependent on the type of
manifold and dimensionless parameters. The predic
tion of a typical reverse flow system (situation as
mentioned in Fig. 4 with Q = 0.684 kg S-I) requires 5
iterations (steps 2-7) .

Experimental data ofKubo and Ueda
Kubo and Veda [7] reported some experimental

data on the flow rate distribution of an air-water

mixture in a combining flow manifold . Figure 3
provides a comparison of the late ral flow distribution
between the present numerical scheme and measure
ments of Kubo and Veda [7]. It is observed that the
agreement is generally satisfactory. The values of
turning loss coefficient, CT and the resistance coefficient
for discharge through branch pipes, Cd in the present
computational scheme have been taken from the
experiments of Kubo and Veda . Kubo and Veda also
presented an iterative procedure for calcul ating the
lateral flow distribution. They have mentioned in their
report that their calculated values for fractional flow
rates fall below the experimental results at the down
stream and near the exit of the header. However, the
present method predicts the measured values a t these
po ints quite reasonably.

!Ifanifolds for steam generations
Three different types of manifolds, namely reverse,

parallel and mixed flow manifolds as shown in Fig. 1,
have been considered to test the performance of the
present numerical scheme. No published literature
concerning experimental investigations for such
manifolds was available for comparison . A problem as

Table I. Input data for a steam generating system

Inside diameter of the headers
No . of lateral tub es
Inside diameter of the tubes
Height of lateral tub es
Inlet temperature of water
Pressure of water - steam mixture at the

outlet header
Heat absorbed in the panel consi sting

of lateral tube s
Total flow rate

25mm
6
10.2 mm
3.66m
2().4 'C

68.9 bar

50,100, 150.200 kW
0.684, 1.296, 1.944 kg s - I
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FIG.6. Total pressure drop vs heat load for different manifold
systems.

stated in Table 1 has been solved for three different
types of manifolds. The dividing flow header is filled
with unsaturated hot water. As the fluid passes through
the lateral tubes it receives heat from the furnace and
steam formation occurs if the heating is sufficient.

Figure 4 shows the predicted fractional flow
distributions and steam quality for 100 kW heat load
and for two different flow rates . For a given heat load ,
non-uniformity in lateral flow distribution increases
with increase offIow rate. Dryness fraction increases, as
expected, with the reduction in flow rate .The predicted
fractional flow distributions and dryness fract ion for a
parallel flow man ifold are shown in Fig. 5. In case of
higher flow rat e there is no steam formation in lateral
numbers 5 and 6. This seems to be the reason for the
steep ' change in slope in the predicted lateral flow
distribution. The predicted relationship between the
pressure drop and heat load is shown in Figure 6.

4. CO;-';CLUSIO;-';S

for parallel, reverse and mixed flow manifolds with
experiment has not been possible , largely becau se of
non-availability of published experimental data, the
trend pred icted by the model appears to be realistic.
Further investigation should be dir ected to evaluation
of the empirical constants CT and Cdin two phase flows.
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APPE!'\D1X

DERIVATlO;-'; OF PRESSURE A!'\D
VELOCITY CORR ECfION EQUATION

In orde r to ma ke th e velocity field compat ible with
continui ty, th ere is a need to correct th e pressur e at each point.
These pre ssure corrections (p; and P;+ I) lead to the correction
of velociti es, II', which is given by

are obtained from equation (19). Hence the velocity correction
equation can be written as

CII/ CII/
- and --
0Pi CPi+1

The mass balance equat ion [Fig. 2(b)] can be written as

pall(lIf + II;)-pall(lIf- 1+II;-I)+qj = O. (A3)

N ow th e pre ssure correction equation [eq uati on (25)] is
obtained by substituting equ at ion (A2) in equation (A3).

(A2)

(AI)

, all ( . • )
IIi = Vi Pi-PH 1 •

A generalized computational procedure for pred ict
ing two pha se flows in parallel, reverse and mixed flow
manifold systems has been describ ed. The cap abilities
of the computational procedure have been dem
onstrated by predicting an experimental situation
describing the flow of an air-water mixture in a
combining flow manifold . A reasonable agreement has
been achieved. The flow rate distribution in branch
pipes for different heat loads and different incom ing
flows has been evaluated theoretically for the parallel,
reverse and mixed flow manifold system. It has been
observed that the mixed flow manifold offers the
maximum uniformity in lateral flow distr ibution.
Although comparison of the computational pro cedure
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UNE PROCEDURE DE CALCUL DE LA REPARTITION D'UN ECOULEMENT
DIPHASIQUE DANS DES DISTRIBUTIONS AVEC OU SANS TRANSFERT THERMIQUE

Resume-r-Une procedure de difference finie est developpee pour calculer les ecoulements diphasiques avec
transfert thermique dans des distributeurs. Les ecoulements sont supposes homogenes et mono
dimensionnels. Un schema numerique iteratif resout les equations differentielles pour la continuite et la
quantite de mouvement longitudinale tandis que, dans la direction laterale, on resout une equation integrale
pour la quantite de mouvement. Les previsions numeriques se comparent bien avec les resultats
experirnentaux disponibles pour un distributeur aecoulement combine. L'effet du debit total et de l'entree de

chaleur sur les caracteristiques de distribution laterale et de perte de pression est dernontre.

EINE BERECHNUNGSMETHODE FOR DIE MASSENSTROMVERTEILUNG
BEl ZWEIPHASENSTROMUNG IN VERTEILERROHREN

MIT UND OHNE WARMEOBERTRAGUNG

Zusammenfassung- Fur die Berechnung einer Zweiphasenstromung mit Warmeiibergang in Rohrverteilern
bei paralleler, umgekehrter und gemischter Striimung wurde ein finites Differenzenverfahren entwickelt. Es
wird angenornmen, dal3 die Striimung homogen und eindimensional ist. Die Differentialgleichungen fUr
Impuls und Kontinuitat in Langsrichtung werden iterativ numerisch gelost, wahrend in Querrichtung
eine Integralgleichung fur den Impuls gelost wird. Die numerischen Ergebnisse stimmen gut mit den zur
Verfiigung stehenden experimentellen Ergebnissen fur Sammler iiberein. Ferner werden der Einfiul3 des
Gesamtmassenstroms, der Warmebelastung aufdie Stromungsverteilung in Querrichtung und das Verhalten

des Druckabfalls dargestellt.

METO)]. PAC4ETA PACnPEJlEJlEHHfi JlBYX<1>A3HOrO nOTOKA B TPYIiOnpOBOJlAX
C Y4ETOM H IiE3 Y4ETA TEnJlOnEPEHOCA

AHHOTaUMH-Pa3pa6oTall xouesuo-pamocruuti xieroa !L'I1i pacxera nayxrpamux nOTOKOB c renno
o6~lello~1 B 'rpyfionpouonax npn napannem.nux, aoaaparuux II cxieuraunnx revenaax. Ilpenno
naraercx, 'ITO nOToKII onnopozmste II ozmoxrepaue. I1TepaUllollllali '1I1CJlellllali cxesra naer peurenue
1l1l<j><j>epeIlUllaJlbllbIX ypaanenah lIepa3pbIBIIoCTII II npononsuoro nvmyrn.ca, rorna KaK nonepe-msrii
nxinynsc onpenenaercs 113 peurenus IIIlTerpa.'1bIIOrO ypaaneuns. Pe3Y,1bTaTbI sncncunux pacseros
xopowo cornacyrorcs c nsreroumvucs JKCneplI~leIlTa"'1blIbI~1II llallllbI~1II !L111 C,'10lKllbIX Te'lellllii B
rpyoax. Iloxaaauo BJllIlIlllle nO.1110ro pacxona II noasona renna na nonepexnoe pacnpeneneuue

CKOpOCTII II nepenan llaB,1CIIII1I.




