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Abstract

A semi-theoretical prediction method of CHF enhancement due to flow obstacles inserted in a flow channel was
developed in this paper. Compared to the existing CHF enhancement equations, the present prediction model includes
the effect of most of the important parameters and correctly represents the observed parametric and asymptotic trends.
Good agreement has been found between the model predictions and the existing experimental databases. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is ample experimental evidence that flow ob-
structions can significantly enhance the critical heat flux
(CHF) [1-3]. Several simplistic methods have been
proposed; however none of them adequately represent
the observed trends. This technical note presents a semi-
analytical method, which can simultaneously predict the
observed parametric trends of flow, quality, obstacle-
shape, flow blockage ratio and distance downstream
from the obstacle.

2. CHF mechanisms

At low flow qualities, the flow regime is either bubbly
flow or annular flow with a thick liquid film on the wall.
Here the CHF occurs because of an inadequate removal
of bubbles from the wall (DNB-type crisis) and/or a
depletion of the liquid film on the wall (entrainment-
controlled film-dryout). The CHF vs x curve in this re-
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gion is smooth; hence there is a gradual change in CHF
mechanism between DNB and entrainment-controlled
dryout. At higher flow qualities, the flow regime is also
annular flow but the liquid film is very thin and the
primary supply of liquid in the film is by deposition from
the entrained droplets in the core region (“deposition-
controlled dryout”). The changeover to deposition-
controlled dryout takes place in the limiting quality
region where the CHF drops sharply compared to the
smooth decline in CHF with critical quality (the quality
at CHF location) elsewhere.

Because of this difference in CHF mechanisms, the
physics of CHF enhancement due to the presence of
obstacles must also be different for these two quality
regions. Different prediction methods for CHF en-
hancement are therefore developed for each quality re-
gion.

3. CHF enhancement in the lower quality region

The lower quality region includes both the bubbly
flow regime and the ‘“‘entrainment-controlled” annular
flow regime. Here the insertion of flow obstacles in a flow
channel enhances the CHF by (a) an increase of flow
turbulence, which both increases the wall-liquid heat
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Nomenclature

CHF critical heat flux, kw/m2

CHF, critical heat flux without obstacles, kw/m’

D inside diameter, m

Sett effective friction coefficient

G =pu mass flux, kg/m’s

hig latent heat of vaporization, J/kg

k. local resistance coeflicient caused
by obstacles

ks coefficient standing for shape and location
effects of obstacles

kp deposition rate, m/s

Lsp grid spacing, m

Reur relative CHF enhancement

Re Reynolds number

X vapor quality

X0 vapor quality at the location of the obstacle

Xiim limiting critical quality
We Weber number

Greek symbols

B obstacle-edge-coefficient modifying local
resistance

e blockage ratio (flow obstruction
cross-section area/channel flow area) (%)

I viscosity, kg/m s

p density, kg/m3

a surface tension, N/m

Subscripts

D deposition-controlled region

E entrainment-controlled region

f liquid (referred to fluid at saturation
temperature)

g vapor (referred to vapor at saturation
temperature)

transfer and facilitates the bubble detachment, and (b) a
change of phase distribution. These two effects on CHF
can both be expressed by the generally accepted expo-
nential decaying function [9,12]:

Renrg = CHF/CHF, — 1 = be s/, (1)

where Rcpr 1S the relative CHF enhancement. Once
turbulence is induced by an obstacle, it will travel
downstream and the intensity of the turbulence will
decay. The decay function depends on how far the tur-
bulence can reach and how fast the turbulence weakens.
According to experimental observations and the re-
laxation theory [4], a increases with a decrease in the
liquid velocity u; and an increase in the liquid viscosity
ur. Assuming zero slip, these trends can be represented
by

a=aiRey™ = ai{GD/pc[(1 —x0) + py/pix0] } =, (2)

where Reyp refers to the liquid Reynolds number at the
obstacle location. Based on the experimental data [6],
optimized values for a; and a, are 2.45 and 0.311, re-
spectively.

The coefficient ‘b’ in Eq. (1), which is the amplitude
of CHF enhancement, is affected by (i) the increased
turbulence level, which increases the heat and momen-
tum transfer, and (ii) the effect of phase redistribution
caused by obstacles. The heat transfer enhancement can
be analyzed in single-phase flow by the well-known
Reynolds analogy between heat and momentum trans-
fer, St = fer/2, in which the Stanton number is defined
as St = h./(prurCp). fur denotes the effective friction
coefficient, which represents either the friction coefficient
(f) in bare tubes or the sum of the friction coefficient
and the local resistance coefficient (k;) in tubes with

obstacles. From this theory one can represent the rela-
tive increase in single-phase heat transfer due to the
obstacle as

bh,t = (hc,ob - hc)/hc = bhkaﬁ/fv (3)

where f§ is the obstacle-edge-coefficient suggested by
Groeneveld [2], varies from 1.0 for obstacles with abrupt
leading edge to 0.3 for obstacles with streamlined shape.
If we assume that the relative CHF enhancement is
proportional to the relative enhancement in single-phase
heat transfer, then

benry = bikp/f (4)

in which, b; will be determined by experimental data.

The change of phase distribution is more complex. It
strongly depends on the shape, edge and location of the
obstacle [5]. Usually, an obstacle with a blunt (90°)
leading edge tends to give a random disturbance; hence
it makes the phase distribution more uniform. However,
an obstacle with pointed leading edge or a streamlined
obstacle may deflect the flow or one of the phases, rather
than providing a random disturbance. A ring type ob-
stacle tends to strip the liquid off the wall, or confines the
liquid phase to the core region and leaves more vapor
near the wall. Such effects are negative and decrease the
CHF in the entrainment-controlled region. These effects
can be qualitatively analyzed to be proportional to the
relative height of obstacles in radius direction, which can
be represented by the proportionality to the flow
blockage ratio. With an increase in quality and Rey-
nolds number, these effects gradually disappear because
the very high disturbance results in a more homo-
geneous flow. Therefore, one can approximately express
the negative effects by
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benry = kibre(1 — xo)Re, (5)

where k; is the coefficient representing the shape and
location effects of the obstacles, b, and n are empirical
constants determined by fitting experimental data, Re,,
is the homogeneous Reynolds number and x, is the
quality at the obstacle location. Obstacles that only
obstruct the flow away from the heated surface will not
have a negative effect on CHF enhancement and there-
fore, their &, value will be zero. Ring type obstacles
however result in a detrimental redistribution of the wall
liquid and 4, should be unity. Therefore, k& can be
written as the ratio of wetted perimeter contacted by
obstacles (P,.) to the total wetted perimeter of the flow
channel (P), that is ks = P, /P.

Finally, the relative CHF enhancement for the pre-
limiting quality region can be expressed as

Renre = [b1Bk./f — brePoc/P(1 — xo)Re, 0] /P, (6)

By best fitting to experimental data [6], b;, b, and n are
determined as 0.0048, 2.0E7 and 1.25, respectively. In
Eq. (6), the local drag coefficient %, is based on Voj
equation [2] but is modified by replacing ¢ in the nu-
merator with /¢ to improve the agreement with our
experimental data.

k= ve/(1—¢) [2.12 F104(1 — g)z/Rem] (7)

The fanning friction factor f = 0.046/Re%? is used in
Eq. (6).

4. CHF enhancement in the deposition-controlled region

In this region, the flow regime is annular flow with a
very thin liquid film («1 mm) on the wall (most liquid is
entrained in the core region). Here the primary mech-
anism of CHF enhancement is the increase in turbulence
of the droplet-laden gas stream, which results in a sig-
nificant increase in deposition coefficient. The resulting
CHF enhancement decays with distance downstream
from the obstacle.

The gradient in liquid-film flow rate can be expressed
as:

dVVi[/dZ = (kDC —F— q/hfg)Tl?l)7 (8)

where W is the liquid-film flow rate, C is the droplet
concentration, kp is the deposition coefficient, and E is
the liquid-film entrainment rate. Since E and d#;/dz are
approximately zero for the thin-film deposition-con-
trolled region, the CHF is proportional to the deposition
rate (kp). Thus the relative CHF enhancement, Rcpr,
will be proportional to the relative increase of deposition
rate (kp./kp — 1) where kp, denotes the deposition co-
efficient with obstacles. Rcyr is also assumed to be in-
versely proportional to the Reynolds number, since at

high Re values the higher turbulence level has already a
significant higher deposition rate, where a further in-
crease in turbulence level due to obstacles will result in a
relatively small increase in Rcyp. These effects are all
assumed to decay exponentially as shown in the fol-
lowing equation for Rcyg:

Renrp = ¢ (kp: — kD)/kDRefmefchsp/{ )

where ¢/, ¢, and m are experimentally determined con-
stants, Re, = GD/u,. Substituting kp, = (1.4416¢ + 1)kp
as suggested by Windecker et al. [7], Eq. (9) can be re-
written as

Rcurp = 018/R€T67"2LSP/D7 (10)

where ¢; (= 1.4416c)). Based on our experimental data
a less sensitivity of the relative CHF enhancement to the
blockage ratio is found, and then a modification to Eq.
(10) is made as

Renpp = ¢16"% /ReMe2tse/P an

in which following optimized coefficients are obtained
based on Freon data [6]: ¢; = 1.9E5, m = 0.67 and
¢ = 1.0 x 107°Re"8 | where Re,, is the homogeneous

Reynolds number based on critical quality.

5. Comparison with data

The CHF enhancement ratio CHF/CHF (=R + 1)
can finally be predicted with Egs. (1), (6) and (11), where
R is either Repyre Or Reprp. In the transition between
the entrainment-controlled and the deposition-con-
trolled region the CHF enhancement ratio is calculated
by interpolation:

RcHFE
if Xer < O~9xlim’
(Xer — 0.9%5im ) /(0.2X4m ) (Rcur.p — Renrg)
+RCHF.D lf 0.9X1im < Xer < l‘lxlim,
Rcuep
if Xer = 1-lxlimv

Reur =

(12)

where xj;, = max{0.3, [1.0 — 0.86 exp(—19.0We~"%)]}, in
which, We = G*D/(ps0) [1].

Comparisons of CHF enhancement prediction of
Egs. (6) and (11) have been made with Freon data from
University of Ottawa [6], Freon and water data from
Chalk River Laboratory [8] as well as existing prediction
methods. Parametric ranges of data to be compared are
given in Table 1. Figs. 1 and 2 are typical results
showing the model to be in good agreement with Freon
data from University of Ottawa and Chalk River
Laboratories. Further comparisons will be made when
additional data become available. The model slightly
over-predicts the water CHF-enhancement data.
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Table 1
Ranges of the database used in the comparison with the model

Reference Fluid

Parameter range

Type of blockage Blockage ratio

[6]* HFCl134a P =0.96-2.39 MPa Cylinder, 12%, 24%, 37%
G = 1000-3000 kg/m” s square bar,
Xer = 0-60% ring

[8] HFCl134a P =1.66 MPa Bar, 21.4%, 14.2%
G = 2320-4630 kg/m” s cylindrical button
X = 0-30%

[8] Water P =10.0 MPa Bar, 21.4%, 14.2%

G = 32506500 kg/m” s

Xer = 0-30%

cylindrical button

#Data in this reference are used to optimize the coefficients in the prediction model.

& two bars 180°apart,
£=12% each

® two cylinders 180° apart,
£=12% each

5 ——present model
45 + Smolin [9]
4 | —— Tong[10]
— - Tong & Weisman [11]
3.5 [ —— "Groeneveld [12] 0 %,

CHF/CHF

Fig. 1. Comparisons of present model predictions with Freon
data from University of Ottawa [6] and existing prediction
methods [9-12]: R-134a, P =1.67 MPa, G = 3000 kg/m’ s,
L = 0.45-2 m, pitch 125 mm.

25
O Freon data
O water data
—— prediction for Freon
prediction for water
2.0+
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T . oo
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I . O
o 1.5
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1.0 q
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Xcr

Fig. 2. Comparisons of present model prediction with AECL
data: blockage ratio 14.2%, D = 8 mm, Gyaer = 5500 kg/m2 s,
Pyaier = 10 MPa,  Gpreon = 3920 kg/m’* s,  Ppreon = 1.66 MPa,
Lsp/D = 15.625.

Compared to the existing CHF enhancement equations,
the present model includes the effect of most of the im-
portant parameters (G, xcur, & L/D, shape and leading/
trailing edge) and correctly represents the observed
parametric and asymptotic trends. It is thus considered a
significant improvement over existing CHF-enhance-
ment prediction methods.
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